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FOR E WORD

This report was prepared by the Pratt & Whitney Aircraft Division of

United Aircraft Corporation, East Hartford, Connecticut, to describe

in part the work conducted during the period June 1, 1963 to Decem-

bet 1, 1963 in fulfillment of Task III, Item A of Contract NAS3-Z335,

Amendment 1, Experimental Investigation of Transients in Simulated

Space R ankine P owe r plants.

Task IF[ consisted of an analytical and experimental study of convec-

tively-cooled indirect condensers for Rankine-cycle space powerplants.

This report summarizes the analytical part of the task which was di-

rected towards identifying the most promising condenser concept based

on considerations of heat transfer, fluid mechanics, structural integ-

rity, fabrication and sealing, and systems integration. Volume 1 of

this report contains the results of the analytical study except for the

structural analysis which is presented in Volume Z_, because of the

classified nature of some properties of columbium-1% zirconium.

Report PWA-Z315 summarize_

deals with flow stability insid_

!

the experiment aspects of the task and

condensing tubes.

#Due to the classified and specialized nature of Volume 2, its distri-

bution was limited. Copies may be obtained by qualified requesters

from the NASA Office of Scientific and Technical Information, Wash-

ington 25, D.C., Attention AFSS-A
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data. All heat transfer theories for condensing flow obtained from the

literature showed poor agreement with the scant amount of experimental

data for condensing liquid metals. In spite of this fact, some methods

were modified to conform with the available condensing liquid metal

data in order to conduct the design studies. The condensing tube length

for a particular design condition was found to be considerably different

depending upon which of these methods was used. Therefore, one

method was selected for the final design calculations which provided

conservative estimates of tube lengths and thus resulted in condenser

designs which would at least provide total condensation. The methods

commonly used to calculate single-phase pressure losses were deter-

mined to be adequate for liquid metal flow. Also, the method of Lock-

hart and lvfartinelli4was determined to be adequate for calculating two-

phase frictional pressure losses for the condensing liquid metal.

In the study to determine the most suitable type of condenser for a one-

megawatt {electric} nuclear Rankine-cycle space powerplants potassium

was considered to be the condensing fluid. Both lithium andNaK were con-

sidered as coolants for the heat rejection loops of this powerplant.

Three different condenser-heat rejection loop arrangements were con-
sidered as follows:

i) Parallel condenser operation with a separate heat rejection

loop for each condenser,

2) Series condenser operation with a separate heat rejection loop

for each condenser, and

3) Segmented-shell condenser operation with four separate heat

rejection loops cooling each condenser segment.

A number of different condenser configurations were investigated.
These included:

I) Constant,diameter shell-and-tube,

2) Tapered-diameter shell-and-tube,

3) Annular shell with bent tubes, and

4) Concentric tube with the condensing flow inside the annuli be-

tween the concentric tubes.

Design calculations were made on all of these configurations for at

least one of the two coolants and at least one of the above condenser-

heat rejection loop arrangements. A computer program was prepared

to facilitate the calculations for the shell-and-tube configurations.

Preliminary design drawings were prepared for the more desirable of

these configurations.

The results indicated that neither the series nor the segmented-shell

arrangement was practical. On the basis of size, weight, and fabrica-

tion considerations, the constant-diameter shell-and-tube configuration

appeared to be the most practical configuration for the parallel arrange-

ment.
PAG ir NO. Z
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II. INTRODUCTION

The design of indirect condensers for the heat rejection systems of

nuclear Rankine - cycle space powe rplants presents problems not usually

encountered in ordinary condenser design. Both the condensing fluid

and the coolant are liquid metals which are highly corrosive and have
heat transfer characteristics much different from those of common

engineerin S fluids. The condensers must be able to operate in any

orien_tion, in gravity fields which range from zero to one or more.

The condensers must operate leak-free in a vacuum environment at

elevated temperatures for I0,000 hours or more. They must be de-

signed to minimize system size and weight. As a result, the common

procedares _tsed in the design of condensers for more conventional

applications are not adequate for the present purpose. A study was
therefore conducted to determine the best thermal and mechanical de-

sign procedures for such condensers. Using these procedures, an

Addltional study was performed to determine the most suitable type of

condenser for a one-megawatt {electric} nuclear Sl_Ce powerplant.

Since the most suitable condenser appeared to be some type of shell-

And-tube condenser, & computer program was written to facilitate de-

sign calc_lAtlons for shell-And-tube type condensers.

The main text of this report discusses the thermal design study, the

prototype designs, and the computer program. The materials and

fabrication study is summari_ed in Appendix A.

f,_ Ke. 3
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III. THERMAL DESIGN PROCEDURES

A. Introduction

This section contains discussions on overall heat exchanger design re-

lations, methods of calculating condensing and single-phase convective

heat transfer coefficients, pressure drop relations, and critical two-

phase flow criteria. The state of the art on these topics is discussed

and recommendations are made for relations to be used in designing
liquid metal condensers.

B. Overall Heat Exchanger I)esi_n Relations

The approach used in this study to de sign condensers for a particular

application involved the determination of tube length for any particular

cross-sectional geometry. For a given set of flow rates and terminal

temperatures a study was made to determine the effect on pressure

losses of both fluids,of varying different parameters describing the

cross-sectional geometry such as tube length, condenser weight, and
condenser volume.

Various techniques are available to solve for tube length. Each of

these can be derived by considering heat transfer across a differential

element. These techniques differ due to the various assumptions made

in the integration process.

The heat transferred per unit time across a differential element of a

heat exchanger at steady state is ::'

dQ = U (Tho t - Tcold ) dA (1)

If the elemental heat transfer surface area dA refers to the surface

adjacent to the cold fluid, then the overall heat transfer coefficient U

is given by

U= 1

1 dAcold + t dAcold + 1 (Z)

hhot dAho t k dAmean hcold

wall

As can be seen in Equation (2) the heat transfer coefficients of both

fluids must be known in order to calculate U, especially if hho t and

hcold are of the same order of magnitude. This is true for the design

cases discussed later in this report.

* See Appendix B for nomenclature

PAGE NO. 5
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The simplest case for which Equation (I) can be integrated to obtain

the total surface area required for a given heat load Q is one in which

U and cross-sectional dimensions are assumed constant with length.

In this case, by also assuming an appropriate mean value for

(Thot - Tcold )

Q

A = U (Tho t- Tcold)mea n (3)

Sometimes assuming a simple arithmetic mean temperature difference

gives acceptable accuracy. However, in a high performance heat ex-

changer, the error caused by this assumption becomes significant.

When the specific heats of both fluids,U and cross-sectional dimensions

are assumed constant with length, Equation (1) can be integrated to

yield the following form for parallel and counterflow heat exchangers

Q
A : (4)

U ATlm

where ATlm = _ AT_I- ATI
In AT---T-/I-

ATI

The term ATlm is the familiar log-mean-temperature difference.

The terms AT I and ATII refer to the temperature driving potentials
at the terminals of the heat exchanger.

Equation (I) may also be integrated for a variable U. For the case

where U is assumed to vary linearly with the temperature difference

between the two fluids, and other conditions are the same as those

assumed for Equation (4), the following equation presented in Reference
5 results

Q ULI AT[
A : - ,, (s)

ui aTn- UH aTI

Additional equations which account for variations of both U and cross-

sectional dimensions with length are derived in Appendix F.

If only approximate answers are needed in the design of a liquid metal

condenser, the equations listed above are useful despite the fact that

the assumptions may not be completely satisfied. For instance, the

log-mean-temperature approach may be applicable if the condensing

section and the subcooled section of the condenser are treated separate-

PAQE IqO. 6
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ly, so that the specific heat of the condensing fluid can be considered

constant in each section. These equations are also useful when the

uncertainties in predicting local variations of the heat transfer coef-

ficient or the static pressure (and consequently the temperature of the

condensing fluid) outweigh the error introduced by the assumptions

made. In general, however, greater accuracy is probably required in de-

signing a liquid-metal condenser for space applications than that provided

by the equations where the simple variations with length described above

are considered. Methods which account for the local variation of the

condensing heat transfer coefficient are necessary since heat transfer

coefficients for condensing liquid metal flows vary considerably with

quality and thus with length. Alsd, the temperature variation of the

condensing fluid is dependent on the pressure drop along the condensing

tube since local saturation temperature depends on local static pres-

sure.

The most practical method of accounting for the effects of the local

variations of the heat transfer coefficient and the static pressure of the

condensing fluid is to divide the condenser into a number of smaller

increments and employ a method of solution which uses an incremental

marching procedure. Using such a procedure, changes across one in-

crement are evaluated to determine the input values for the calculations

on the next increment and so on. The increments can be chosen so

that they would have the same heat load, the same coolant temperature

rise, or the same change in the quality of the condensing fluid. The

calculation would begin at the condensing fluid inlet end of the conden-

ser where the temperatures and pressures of both fluids are known.

The length of the first increment would be calculated using the appro-

priate relations. The changes of the quality, static pressure, and

temperature of the condensing fluid across this increment would pro-

vide the additional information needed to solve for the length of the

second increment. This procedure would be repeated until the desired

condensing fluid condition at the end of the condenser was reached.

Thus, the condenser length would be obtained by considering it to be

composed of many smaller condensers operating in series. This

method is particularly suited for solution by digital computer.

The accuracy of this numerical integration method increases as the

condenser is subdivided into smaller and smaller increments. Also

for a given number of increments, an increase of accuracy may result

from using an integrated form of Equation (l) inside each increment,

instead of using average values for U and the temperature difference.

The length of the individual increments can be calculated using the log-

mean-temperature-difference approach. This can be done by assuming

that the temperature of the condensing fluid remains constant at its

PAGE NO, 7
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inlet value, and by evaluating the average condensing heat transfer

coefficient using the average quality of the condensing fluid in the in-

crement. However, since in reality the overall heat transfer coeffi-

cient U would vary across an increment of the condenser, relations

which account for a variation of U are more desirable.

For counter flow condensers where the cross-sectional dimensions are

constant with length, Equation (5) from McAdams s is recommended

for the evaluation of the increment lengths. For tapered condensers

where the cross-sectional dimensions of a condenser vary with length,

the relations derived in Appendix F are recommended for the evaluation

of increment lengths. These recommended procedures were programmed

on a digital computer to facilitate design calculations for shell-and-tube

condensers. This computer program is described in greater detail in

Section V of this report. The program assumed increments of equal

quality change in the condensing section and equal coolant temperature

change in the subcooling section.

As indicated above, the heat transfer coefficients of both fluids must

be known in order to calculate the overall heat transfer coefficient.

The following two sections discuss the methods used to calculate the

heat transfer coefficients for both the condensing fluid and the coolant

for the condenser design of this study.

C. Single-Phase Convective Heat Transfer

1. State of the Art

During the past fifteen years considerable effort has been expended to

develop methods that would adequately predict forced convection heat

transfer coefficients for liquid metals. During this time the results of

many studies, both analytical and experimental, have appeared in the

literature. The major effort has been to resolve the differences that

exist between the theoretical results and the experimental data for fully

developed turbulent flow, while very little work has been done for flow

in the laminar regime. The two regimes, turbulent and laminar flow,

are discussed separately.

a. Turbulent Flow

The initial theoretical work on the turbulent flow of a liquid metal

was done by Martinelli 3 who considered the case of fully-developed

flow in a circular tube with uniform wall heat flux along the length

of the tube. Martinelli attempted to account for the transport of

heat by both molecular and turbulent transport mechanisms

PAGE NO. 8
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across the fluid stream. He based his analysis upon the generalized

velocity profile for fully-developed turbulent pipe flow obtained experi-

mentally by Nikuradse 6 and Reichardt 7. The universal velocity profile

is illustrated in Figure I where the dimensionless velocity u + is shown

to be a function of the dimensionless distance from the tube wall y+.

As can be seen in Figure I, the velocity profile is broken up into three

regions, the viscous sublayer, the buffer region and the turbulent core.

Separate equations are fitted to the data in each region. M_rtinelli

differentiated the generalized velocity profile with respect to the distance

from the wail and combined the result with the momentum equation for

turbulent pipe flow to obtain the variation of the eddy transport coeffi-

cient for momentum e M , across the fluid stream. He then expressed

the eddy transport coefficient for heat • H in terms of • M and the ratio

ell/ e M = _, which he assumed to remain constant across the fluid

stream. Knowing e H in terms of ¢M, he solved the energy equa-

tion for turbulent pipe flow to obtain the temperature distribution across

the fluid stream. He then obtained the heat flux at the wall qw from the

temperature gradient at the wall a(___.__ through the relation

\Oyl y-O

Martinelli also integrated the temperature distribution across the fluid

stream to obtain a mean fluid temperature Tm. He then defined a heat

transfer coefficient h based upon the difference between the mean fluid

temperature T m and the wall temperature T w using the equation

qw

h = (T w _ _,_rm , (7)

Martinelli presented his results in terms of nondimensional parameters.

This result indicates that the Nusselt number of the flow Nu is dependent

upon the Reynolds number of the flow Re, the Prandtl number of the

fluid Pr, and the parameter a . MartinelliVs final equations were very

complex. However, he did present numerical results for the case of a

constant a = 1.0. These results indicate that the effect of the trans-

port of heat by molecular conduction in the turbulent core of the fluid is

much more significant for liquid metals which have very low Prandtl

numbers than for common engineering fluids which have relatively high

Prandtl numbers. This result also indicates that the heat transfer re-

lations derived for common engineering fluids, which ignore the effect

of molecular conduction in the turbulent core, cannot be used for liquid

metal applications.

PAQ Ir NO. 9
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Lyon _ investigated Martinelli's results and found that for Prandtl num-

bers less than O. I these results can be approximated reasonably well

by the simple relation

Nu = 7.0 + 0.025 (ape) o., (8)

where • is a mean value of the ratio of eddy transport coefficients

Theoretical results similar to those of Martinelli and Lyon were also

obtained by Seban and S_irnazaki* for fully-developed turbulent flow

through a circular tube with a constant wall temperature along the length

of the tube and by Seban ' and Bailey ,0 for noncircular flow passages

with uniform wall heat flux. However, when these early theoretical

results were compared with the early experimental data very poor agree-

ment was displayed. This is best exemplified by the work of Lubarsky
and Kaufman.

Lubarsky and Kaufman" compiled the experimental results of the

various studies of heat transfer to liquid metals performed prior to

1955. Since data were not always directly comparable because of dif-

ferences in experimental apparatus or in methods of calculation, the

experimental data were re-evaluated using as consistent assumptions

and methods as possible. The results were then compared with each

other and with the existing theoretical solutions. These results are

illustrated in Figure Z for the case of fully-developed turbulent pipe

flow with uniform heat flux. As can be seen in Figure 2 this re-evaluated

data has considerable scatter with the butk of the data lying below Lyon's

equation for the case of a = 1.0. The work of Lubarsky and Kaufman

similarly showed disagreement between the theory and data for the cases

of uniform wall temperature and noncircular flow passages.

In addition to the fact that this disagreement between the theory and the

data existed, there was no conclusive explanation for this disagreement.

As a consequence it was not known whether the theory or the data was

more reliable. In spite of the fact that so little was actually known

about liquid metal heat transfer, a relationship was needed to predict

liquid metal heat transfer coefficients for design purposes. To pro-

vide such a relation Lubarsky and Kaufman fitted the following equation

to the re-evaluated data presented in Figure 2_

Nu = 0.625 Pe 0.4 (9)

However, this equation is an empirical correlation of experimental

data whose reliability was questioned by Lubarsky and Kaufman. Sub-

sequent efforts have been made to improve both the early theoretical

solutions and the quality of experimental liquid metal heat transfer data.
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In attempting to improve the early theoretical solutions, most investi-

gators have tried to produce a rational method of evaluating the con-

tribution of the turbulent transport mechanism for liquid metal heat

transfer. Using modified forms of the Prandtl mixing length theory,

a number of investigators have attempted to relate the ratio of eddy

transport coefficients a to the Prandtl number of the fluid, and in

some cases to the Reynolds number of the flow, These investigators,

Jenkins I_, Deissler la , Lykoudis and Touloukian 14 , Rohsenow and

Cohen is, Mizuehina and Sasano i,, Azer and Chao 17, and Dwyer w, all
assumed a was constant across the fluid stream. The results of some

of these investigators are illustrated in Figure 3 for the case of fully-
developed turbulent pipe flow through a circular tube with uniform wall
heat flux, and a Prandtl number of 0.02.

As can be seen in Figure 3, these investigators obtained widely differ-

ing results. Those of Dwyer lie close to those obtained from Lyonts

equation using an a of 1.0, while the results of the other investigators

lie well below the Lyon equation. The results of these other investiga-

tors also show some agreement with the empirical relation of Lubarsky

and Kaufman. However, in no case is this agreement complete. Since

these theoretical results are so widely scattered and since the Lubarsky

and Kaufman line cannot be relied upon, no conclusions can be drawn

concerning the validity of these different theoretical results until they
have been compared with reliable experimental data.

In seeking ways of improving the experimental data, investigators have

sought to find reasons why the bulk of the early data lies below the

theoretical results of MartineUi and Lyon. A number of investigators

have hypothesized that this might be caused by an additional resistance

to heat transfer at the interface of the liquid metal and the heat transfer

surface. They suggested this resistance might be due to the presence

of impurities at the liquid-wall interface or to the fact that the liquid

metal may not totally wet the heat transfer surface, thus creating voids

at the liquid-waU interface. In the more recent experiments, efforts
have been made to eliminate the effects a resistance at the interface

might have on liquid metal heat transfer data. Efforts have also been

made to eliminate such a resistance by using an extremely pure liquid
which completely wetted the heat transfer surface. Positive results

appear to have been achieved by some of these investigators.

In an effort to eliminate the effects of a resistance at the liquid-wall

interface from the experimental data, a number of investigators have

obtained heat transfer coefficients from experimentally measured tem-

perature distributions across the fluid stream instead of from the more

common method of using experimentally measured wall temperatures.

I,A4t _o. 1 i
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From these results it can be seen that there is a considerable amount of

data showing reasonable agreement with the theoretical results of

Martlnelli and Lyon and Dwyer for the case of turbulent flow through

ci2ecular tubes with a constant wall heat flux. However, this agreement

is not complete for all flow regimes. For example, the data for tur-

bulent flow near the transition region of Petukhov and Yushin 2_ and the

recent data of Subbotln, et al 24 using the temperature distribution

method showed poor agreement withthe theoretical results. However,

the laminar regime data of these investigators compared favorably with
the theory.

In addition to the above mentioned data taken by measuring the tempera-

ture distribution across the fluid stream, some data obtained using wall

temperature measurements also agreed with the theoretical predictions

of Dwyer for constant wall heat flux. This data was taken for fully

developed turbulent flow through noncircular electrically-heated channels

and includes the data of Petrovichev 2s for the flow of mercury through

an annulus, the data of Maresca and Dwyer 2, for the axial flow of mer-
cury through a bundle of rods, and the data of Winsche and Miles _ for

the axial flow of NaK through a bundle of circular rods. The agreement

between the theory of Dwyer and the data of /v[aresca and Dwyer,and

Winlche and/_les can probably be attributed to the fact that the liquid

metals were kept as pure as possible and wetting occurred. As a re-

sult there was probably no additional resistance to heat transfer at the

interface. However, according to Dwyer I, wetting probably did not

occur in the experiments of Petrovichev. The agreement between the

theory and data, in this case, must be viewed in the light that some

resistance at the interface may have been present.

In summary, there are a number of conclusions that can be drawn

from these results for the turbulent flow of liquid metals:

I) The presence of impurities at the interface of the liquid metal

and the heat transfer surface, or the inability of the liquid metal

to wet the heat transfer surface can seriously affect the measured

heat transfer coefficients for liquid metal flow.

_) Agreement between theory and some experimental data has

been achieved for turbulent flow. However, this agreement is

not compiete for ali flow regimes since some investigators showed

disagreement for Reynolds numbers near the transition region.

In addition, agreement has been achieved only for the case of uni-

form wall heat flux. In many heat exchanger applications this

condition is not prevalent. A recent theoretical analysis by Stein 2'

indicated that the wall boundary conditions in a heat exchanger can

pMa. No. 13
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seriously affect liquid metal heat transfer coefficients. There-

fore additional work, both theoretical and experimental, is
needed.

3) In light of the agreement that has been demonstrated between

the recent experimental data and the theoretical relations of

IV_artinelli and Lyon and of Dwyer, these relations are considered

to be the most adequate of those available for use in design cal-

culations. Although these relations were derived and validated

for conditions of constant heat flux at the wall, their use is rec-

ommended for wall conditions other than constant heat flux until

more suitable relations are developed for these other wall con-

ditions.

b. Laminar Flow

In contrast to the extensive studies described above of liquid metal

heat transfer for flow in the turbulent region, very few studies have

been made of liquid metal heat transfer for flow in the laminar re-

gime. Most authorities have felt that the theoretical laminar flow

solutions found in heat transfer textbooks were adequate for pre-

dicting liquid metal heat transfer coefficients for flow in this re-

gime. These theoretical solutions have been obtained for a number

of flow geometries for both the constant wall heat flux and the con-

stant wall temperature conditions. Very few experimental measure-

ments have been made to verify these analyses. According to the

textbook by Eckert and Drake 2p, some of the early experimenters

obtained heat transfer coefficients lower than the theoretical values.

However, as in turbulent flow, this result may be due to the pres-
ence of an additional resistance to heat transfer at the interface of

the liquid metal and the heat transfer surface. This is supported

by the more recent data of Petukhov and Yushin 23 and Subbotin,

et al 24 for laminar flow through circular electrically-heated tubes,

which show excellent agreement with the theoretical laminar flow

solutions. This agreement indicates the validity of these solutions

for liquid metal applications.

2. Recommended Relations

In accord with the above discussion on the state of the art of liquid

metal heat transfer technology, the following single-phase convective

heat transfer relations are recommended for use in making design cal-

culations for liquid metal condensers.

_AQt .O. 1 4
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a. Fully-Developed Turbulent Flow

1) Flow Through Circular PassaGe s - For flow through circular
passages either the method of Martinelli and Lyon 3. _ or the

method of Dwyer' can be used. Both give equally good results

and are based on the same equation

Nu = 7.0 + 0.025 (_Pe}°'a (lO)

For the Martinelli and Lyon method,

and equal to one. For the method of Dwyer,
from the relation

can be assumed constant

must be calculated

1.82
_= 1.0 -

pr (_)'.4 (II)
Y -max

where the term -'7- max can be evaluated as a function of Rey-
nolds number using Figure 4. For a Reynolds number where the

value of i calculated from Equation (II) is less than zero, the

Nusselt number is equal to 7.0.

Due to its simplicity the method of Martinelli and Lyon is prefer-

able in making design calculations.

2) Flow Through Annular .Passages - For flow through annular

passages with heat transfer through either the inner wall or the

outer wall, the following methods presented by Dwyer' are
recommended.

For heat transfer through the inner wall the relation should be
used

Nu = a, + b, (_pe) C' (12)

where : a, = 4.63 + 0.686z

b, = 0.02154- 0.000043z

c, = 0.752 + 0.01657z - 0.000883z 2

z is the ratio ofthe outer to inner radius, r 2 /r I

The term _ in Equation (12) can be obtained from Equation(ll)

where -'_ max is evaluated as a function of Reynolds number
using Figure 4. If the value of a" calculated from Equation {11)

is less than zero, the Nusselt number must be obtained from the

re lation

paa, NO. 15
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Nu = 4.9Z + 0.686z (13)

For the flow through an annular passage with heat transfer through

the outer wall the following relation should be used

N.u = a 2 + b 2 (_.Pe) c2 (14)

where a2 - 5.26 + 0.050z

b2 = 0.01848 + 0.003154z- 0.0001333z 2

c2 = 0.780- 0.01333z + 0.000833z 2

The term _ in Equation (14) can be obtained from Equation (II)

where ¢(.'--Tr'-)max is evaluated as a function of Reynolds number

using Figure 4. If the value of & calculated from Equation (I 1)

is less than zero, the Nusselt number must be obtained from the

relation

Nu = 5.5Z + 0.076z (15)

3) Axial Flow Through Bundles of Circular Rods -For axial flow

through bundles of circular rods with an equilateral triangular

pitch the following relation presented by Dwyer' is recommended

Nu = 0.93 + 10.81 (P/D) - 2.01 (P/D)'

+ 0. 0252 (P/D) 0.27s (&pe)0., (16)

The term P/D is the ratio of the distance between rod centers

to the outside diameter of the rods. The term _ in Equation (16)

can be obtained from Equation (II). The term (_IV[ _ in
. _, v /max

Equation (11) can be evaluated as a zunction of Reynolds number

and P/D using Figure 4. If the value of _ calculated from

Equation (11) is less than zero the following relation for Nusselt

number must be used

Nu = 3.65 + 5.75 (P/D) 1.27 (17)

Due to the assumptions made in the derivation of Equations (16)

and (17),they lose their validity for values of P/D less than I. 3.

An upper limiting value of P/D for which these equations are

valid has not been determined.
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b. Fully-Develoj, ped Laminar Flow

The following tabulation of Nusselt numbers for fully-developed

laminar flow conditions is recommended for use in liquid metal

condenser design calculations.

Geometry Condition at Wall Nusselt Number

circular tube qw uniform 4.36

circular tube T w uniform 3.66

parallel plate s qw uniform 8. Z3

parallel plates Tw uniform 7.60

triangular duct qw uniform 3.00

triangular duct Tw uniform Z. 35

This tabulation, obtained from the textbook of Rohsenow and Choi _ 0

presents results for both uniform wall heat flux and uniform wall

temperature for three different flow geometries. Since the Nusselt

numbers for the two different wall conditions differ by an appreci-

able amount and since the wall conditions in liquid metal condensers

frequently differ from both the uniform heat flux condition and the

uniform temperature condition, judgment must be exercised in

selecting the appropriate value of Nusselt number for a given appli-
cation.

In addition to the above results, the relation of Friedland and

Bonilla 3' is recommended for axial flow through a bundle of circu-

lar rods arranged in an equilateral triangular pitch

4
Nu= [144{R_rn -1)(4R m lnRm- 3R_n +4R2m -

I)' ]/[Rlrn (I,15Z In3Rm - Z,59Z In 2 R m + Z,Z80 lnR m

719) +R6rn (1,15Z In 2 R m - Z,880 lnR m + 1,680) +

where R m =

2
R;n (720 InR m - 1,Z96) + 368 R m - 33] (18)

This relation was derived for the case of uniform wall heat flux.

An equivalent relation for the case of uniform wall temperature has
not been found in the literature.
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D. Condensing Heat Transfer

1. State of the Art

Numerous studies of condensing flow have been reported in the litera-

ture. These studies have resulted in a number of empirical, Semi-

empirical, and analytical relations for predicting the heat transfer

coefficients of condensing films. These studies differ in the flow

geometry and flow regime considered, and the degree of rigor with

which they were conducted. In general these relations have shown rea-

sonable agreement with the experimental heat transfer data taken for

common engineering fluids which have relatively high Prandtl numbers.

However, they have shown poor agreement with the limited amount of

experimental heat transfer data taken for condensing liquid metals.
These studies are summarized below and their results are considered

for possible application in the liquid metal condenser design study.

a. Condensin_ Flow on Vertical Surfaces

The case of a condensing film flowing on a vertical surface under

the influence of gravity has received considerable attention from

many investigators. These investigators have considered the flow

of the film in both the laminar and the turbulent regimes for the

case of a stagnant vapor and the case where the flow of vapor in the

downward direction imposes a shear stress on the film in the direc-
tion of flow.

The flow of a laminar condensate film on a vertical surface exposed

to a stagnant vapor has been considered by Nusselt 32 Rohsenow 33

Sparrow and Gregg3', Koh, et alSS, ChenS6, andKohSZ

The initial studies were made by Nusselt 32 in 1916. He neglected
acceleration and convection effects in the film and the interracial

shear stress between the film and the stagnant vapor. He derived

his equations from a simple force balance between the liquid shear

forces and the weight of the fluid and considered a linear tempera-

ture profile across the film. Nusselt obtained the following relation

for the local and average Nusselt numbers of the film

Local

Nu h._ [gc _( PL - Po)_ ] _= = (19)
k L 4 AT v L k L

Ave r age

Nu m hmL =I0.943 gc_.( PL - P.G )L3 1= k L AT v L k L

PA'_KNO.18
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I[ohsenow _ extended Nusseit's analysis to include convection effects

on the temperature profile across the film, Sparrow and Gregg _'
Included the eftects o( both acceleration and convection on the con-

denstn| film, but neglected the ef£tct of the interracial shear stress

between the film and the st_tnant vapor. 6p_rrow and Gregg em-

ployed a similarity transformation and a bound&ry layer type of so.
lutton, Kohj et &l'* extended the Sp&rrow and Gregg attatysis to

t&lte into &c©outtt shear stress between the film attd the st&gnant va-
por &t the vapor-liquid interfttce, Chen =' and Koh _ both considered
the e&me case as Koh, et at _' . However, Chen and Koh obtained

their solutions using less exact integral techniques. Their results
are in close agreement with those of Koh, et at _ . These results
indicate that the effects of _cceleration, convection, and interfaclal

shear on the film can be significant for fluids which have tow Prandtl

numbers, such as liquid metals. These results are illustrated in

Figure S, where it can be seen that the solution of Koh, et at _. can

differ markedly from the Nusselt solution for fluids with low Prandtl
numbs r s,

The case of a turbulent condensing film flowing on a vertical surface

under the influence of gravity was first studied by Colburnl' who

reviewed the experimental data of Kirkbride _t for condensation on

the outside of vertical tubes. From this data Colhurn reasoned that

transition from laminar to turbulent flow took place at a film Rey-

nolds number 41" / _L of rIO0. He also obtained the following

empirical equation for local heat transfer coefficients of the con-

densing film from this data

= 0.056 Pr L __ (21)

The case of a turbulent condensing film flowing on a vertical plate

under the influence of gravity and in the presence of a stagnant vapor

was studied analytically by Seban 40, Like Nusselt, Seban neglected
the effects of acceieratlon_ convection and interracial shear on the

film, He assumed that transition from laminar to turbulent flow

occurred at a film Reynolds number of 1600. Seban assumed that

the generali=ed velocity profile, obtained experimentally for fully-

developed single-phase turbulent flow through circular pipes, could

be *applied to the turbulent condensing film, Using the generalised

velocity profile,Seban solved for the case of a turbulent condensing

film with methods similar to those MartineUi _ used for fully-de-

veloped single-phase turbulent flow. Like Martinelli, Seban con-

sidered the transport of heat by both molecuiar conduction and the

turbulent transport mechanism in the buffer layer and the turbulent

,*as tee. 19



PIIAT'r • WHITNI_/' AIIqC,t£1rl " P WA- 2320

Volume 1

portion of the flow. SebanWs results are illustrated in Figure 6

_Lhm( VL' ) _where the heat transfer parameter,_----- is plotted as a
\ gc

function of the film Reynolds number and the Prandtl number of the

fluid. These results indicate that for fluids with low Prandtl num-

bers the heat transfer coefficient for a given Reynolds number will

be less for turbulent flow than the value predicted by Nusselt's

theory for laminar flow.

Rohsenow, et al 4_ extended the laminar flow solution of Nusselt and

the turbulent flow solution of Seban to include the case where a down-

ward flow of vapor imposes a shear stress on the film at the vapor-

liquid interface. Based upon the experimental observations of a

number of investigators, Rohsenow, et al reasoned that the film

Reynolds number at the transition from laminar to turbulent flow

depended on the vapor shear stress rv at the liquid-vapor interface.

They developed expressions for this transition Reynolds number in

1"v
terms of an interracial shear parameter r _ = e

gc '°L - D°/_,gc /

The results of these expressions are illustrated in Figure 7 where

it can be seen that the transition Reynolds number varies from a value

of 1800 for rv_ equal to zero to 71.8 for high values of rv*. Rohsenow,

et al presented the results of their solution in terms of the heat trans-

hm( VL' )t/3fer parameter _ \ gc as a function of film Reynolds number,

Praudtl number, and the shear stress parameter Tv_. Their results

for a Prandtl number of 0.01 are illustrated in Figure 8. These re-

sults indicate that for a given film Reynolds number the heat trans-

fer coefficient increases as the interfacial shear increases.

b. Condensing Flow Inside Tubes

Condensing flow inside vertical tubes was first studied by Carpenter

and Colburn ,9 who considered the downward flow of vapor and liquid

for the case where the condensate formed a continuous film on the

inside of the tube. This case differs from condensing flow on a ver-

tical surface, as studied by Rohsenow, et al 'I , since the film is not

only affected by gravity and vapor shear, but also by a static pres-

sure gradient in the axial direction. This static pressure gradient

arises from frictional effects and momentum effects which are caused

by the condensation of the vapor. Carpenter and Colburn studied

the problem both experimentally and analytically. Their experimental

data was taken for a number of common engineering fluids with high

p.sl .o. ZO
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Prandtl numbers. From the experimental data they concluded that

for their experimental conditions the transition from laminar to

turbulent flow occurred at a film Reynolds number near 240. This

transition Reynolds number is considerably less than the value of

Z100 observed for flow over a vertical surface in the presence of a

stagnant vapor. They attributed this lower transition Reynolds

number to the effect of vapor shear on the film. Carpenter and

Colburn presented relations for local values of the heat transfer

coefficient of the condensing film for flow in both the laminar and

turbule nt regime s.

For the flow of condensing films in the laminar regime Carpenter

and CoIhurn presented the relation

h = k L 2 #LF

where F is the product of the wall shear stress

itational constant gc-

(22)

r W and the gray-

This relation was derived analytically, neglecting the acceleration
and convection effects in the film.

Carpenter and Colburn also attempted an analytical solution of the

turbulent condensing film and obtained a solution of the form

(PL F) V2

h = C_ k L gL (23)

where C 1 is a constant to be empirically determined.

This solution, like that of Seban 40 and Rohsenow et al 41 , assumed

that the generalized velocity profile could be applied to the turbulent

condensing film. However, unlike Seban and Rohsenow et al, Car-

penter and Colburn assumed that only the laminar sublayer of the

film offered a significant resistance to heat transfer. Consequently,

they neglected the thermal resistances of the buffer layer and the

turbulent region of the film. This assumption has been shown to be

valid in the case of fully-developed single-phase turbulent pipe flow

for fluids with high Prandtl numbers. Similarly, it is expected that

this assumption is valid for condensing films only for the case of

fluids with high Prandtl numbers. In an effort to account for the

effect of Prandtl number, Carpenter and Colburn multiplied the right-

hand side of Equation (23) by the square root of the Prandtl number
with the result

h = C w k L Pr L (24)
/_L

pA_! .o. 21



_A_ * wMrrN_ A,mCR_"¢ P WA- 2320
Volume l

They then evaluated the constant C1 empirically to obtain reasonable

agreement with their experimental data. The resulting equation

h /_L = 0.043 Pr L F (25)
kL PLV2

is therefore a semi-empirical result which is only applicable for

fluids with Prandtl numbers within the range of their experimental

data, i.e. (Pr = 1.0- 10.0).

Altman, Staub, and Norris4S also studied condensing flow inside

tubes. They performed experiments similar to those of Carpenter and
Colburn 42 except that the tube was oriented in the horizontal direc-

tion. The experiments were conducted using refrigerant-22 as the test

fluid. The results for the turbulent condensing film were correlated

using an equation similar to that of Carpenter and Colburn

'/2 ½
= 0.057 PrL F (Z6)

k L DLV2

In addition to this correlation, Altman,et al 43 performed an analysis

of the turbulent condensing film for flow inside a circular tube. This

analysis, like those of Seban 4° and Rohsenow, et al 4w was based on

the generalized velocity profile, and followed procedures similar to

those used by _rtinelli 3 in the solution of fully-developed single-
phase turbulent pipe flow. This analysis also considered the thermal

resistances of all three regions across the condensing film. However,

unlike the analyses of Seban 40 and Rohsenow, et al "t this analysis

assumed that the Martinelli factor F M was equal to 0.99. The 1Vfar-

tinelli factor F M is the ratio of the thermal resistance of the turbu-

lent region of the film when both molecular and turbulent transport

mechanisms are considered, to the thermal resistance when only

the turbulent transport mechanism is considered. A value of 0.99

for F M is valid for fluids with high Prandtl numbers, indicating that

heat transport by molecular conduction is negligible compared to

heat transport by the turbulent mechanism. However, F M is con-

siderably less for fluids with low Prandtl numbers, indicating the

importance of molecular conduction in the turbulent region of the

film for such fluids. Thus while this analysis of Altman, et al 4J

has shown reasonable agreement with their experimental data, it

cannot, in its present form, be applied to fluids with low Prandtl

numbers such as liquid metals.
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The various analyses described above assume that the film is either

in true laminar flow or in fully-developed turbulent flow and that

transition occurs at a definite value of the film Reynolds number.

The laminar solutions have not taken into account small turbulent

effects which might occur in the film. The turbulent solutions all

depend upon the generalized velocity profile obtained with fully-

developed single-phase pipe flow. With the exception of the work

of Carpenter and Colburn, the turbulent analysis will follow the

same procedure. The energy equation is solved using eddy trans-

port coefficients obtained by differentiating the generalized velocity

profile and combining this result with the differential form. of the

momentum equation. Recently Dukler 44 presented an analysis which

appears to be a significant advance over the previously described

methods. Dukler contended that neither true laminar flow nor fully-

developed turbulent flow exists in a condensing film and that any

theory studying momentum and heat transfer in a condensing film

must account for both molecular and turbulent transport mechanisms

at all points across the film profile. As a result, Dukler used the

same set of equations to describe all flow regimes. Dukler solved

both the momentum and the energy equations for a condensing film

using methods similar to those developed by Deissler 45 for fully-

developed single-phase turbulent pipe flow. The solution divides

the film into two regions, a region near the wall and a region away

from the wall. Different expressions for the turbulent transport

coefficients are used in each region. The Deissler expression for

the turbulent transport coefficient for momentum

M 2 u+ y+ -n2 u+y+-- = n (I - e ) (27)
vL

was used for the region near the wall, y+< ZO.O,while the yon Karman

expression

\d +/
'__MM: X - y.... (28)

[ d'u+_
IdY÷2/

was used for the region away from the wall, y+ > 20.0.

In his solution Dukler neglected acceleration and convection effects

in the film and assumed that the ratio of turbulent transport coeffi-

¢H
cients _ = -- was equal to one. He also assumed that the trans-

CM

port of heat by molecular conduction was very small compared to the
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transport of heat by the turbulent mechanism in the region away from

the wall. His solution, therefore, neglected the effect of conduction

in the region away from the wall. Since Martinelli's results for fully°

developed pipe flow have demonstrated the importance of including

the effect of molecular conduction in the turbulent region of the flow

where y+ >20.0 for fluids with low Prandtl numbers, DuklerWs method

isnot considered to be applicable to condensing liquid metal flow.

Dukler's solution'6 of the momentum equation shows excellent agree-

ment with film thickness data taken for the noncondensing two-phase

annular flow through a circular tube and his heat transfer results

show excellent agreement with the condensing heat transfer data of

Carpenter and Colburn "2. Dukler has also attempted to show agree-

ment between the results of his solution and condensing liquid metal

heat transfer data. The validity of this agreement is questionable

and is discussed below in greater detail.

c. Comparison of Theory with Data

From the above discussion it can be seen that the literature contains

many condensing flow analyses of various degrees of rigor. A num-

ber of these analyses have been derived using assumptions which are

valid only for fluids with high Prandtl numbers. As a result they

cannot be considered for application to the condensing flow of liquid

metals. The validity of the remaining analyses, which have attempted

to account for low Prandtl number effects, cannot be confirmed un-

less the results of these analyses show reasonable agreement with

reliable condensing liquid metal heat transfer data. Unfortunately,

at present there is little experimental data for condensing liquid

metal flows available. The only such data found in the literature

was that of Misra and Bonilla'7 and of Brooks and Sawochka ,s

The data of Misra and Bonilla ,7 was taken for mercury and for

sodium condensing on a vertical surface in the presence of a stag-

nant vapor. A number of comparisons between this data and the

different solutions for condensing flow on a vertical surface have

been presented in the literature. These results are illustrated in

Figures 9 and 10. In Figure 9 both the sodium data and the mercury

data are compared with Equation (21) derived by Nusselt, and

Duklerts •result'" for a Prandtl number of 0.05 and no vapor shear.

Both sets of data lie well below the Nusselt equation, while Duklerms

result appears to show general agreement with the mercury data.

However, since Dukler neglected the effect of molecular conduction

in the turbulent portion of the condensing film, this agreement is

apparently fortuitous. Sukhatme and Rohsenow ,9 have performed

sample calculations which indicate that when the effect of molecular
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conduction is included in Duklerts analysis, the results fall very
close to the Nusselt equation.

Some disagreement between the data and NusseltVs equation might

be expected since Nusselt neglected the effects of acceleration, heat

convection and interracial shear on the condensing film, which were

shown by several investigators to be important for low Prandtl num-

ber fluids. However, as illustrated in Figure I0, a comparison of

the mercury data with the more rigorous analysis of Chen 36 still

shows very poor agreement.

A number of ideas have been advanced to explain this disagreement

between the existing theory and the data of Misra and Bonilla. Misra

and Bonilla have suggested that this disagreement may be due to a

resistance to heat transfer at the interface of the liquid metal and

the heat transfer surface, similar to that observed in the single-

phase convective heat transfer experiments. Chen 36 has suggested

that instead of the vapor remaining relatively stagnant, the vapor

may have been flowing upward in the region of the film. The upward
flow of vapor would tend to thicken the film and thus reduce the heat

transfer coefficient. Sukhatme and Rohsenow '_ have suggested that

the disagreement might be caused by mass transfer effects at the

vapor-liquid interface of the film. This suggestion is based on the

work of Schrage50 who has theorized that, due to mass transfer ef-

fects, a finite discontinuity in temperature exists at the vapor-liquid

interface. According to Schrage, the temperature of the liquid at

the interface is actually less than the saturation temperature. Esti-

mates made by Sukhatme and Rohsenow indicate that this discontinuity

would be sufficiently small to be neglected for common engineering

fluids, but can be significant for liquid metals. As a consequence

the commonly made assumption that the temperature of the liquid at

the edge of the film is equal to the saturation temperature is probably

incorrect for liquid metal applications. Any experimental condensing

liquid metal heat transfer data evaluated making this assumption

would,therefore, be incorrect. Misra and Bonilla attempted to cor-

rect some of their experimental data to account for this effect. How-

ever, as can be seen in Figure 9, their corrected data still does not

show adequate agreement with the theory. Sukhatme and Rohsenow

have re-examined this effect as a possible cause of the disagreement

between the theory and data. They recently presented some experi-

mental data 51 which tends to support their proposition. However,

since this data is of a preliminary nature no definite conclusions can

be drawn yet.
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The experimental data of Brooks and Sawochka'S was taken for the

condensing flow of potassium through a circular tube oriented in the

horizontal direction. Since none of the analyses derived for condens-

ing flow inside circular tubes could be applied to fluids with very low

Prandtl numbers, it was not possible to compare this data with an

analysis derived specifically for the physical conditions of the data.

Instead,the data was compared with the analyses of Nusselt 32 and

Seban 40 which were derived for the case of condensing flow on a ver-

tical surface, but which can be applied to fluids with low Prandtl

numbers. This comparison is illustrated in Figure lI where it can

be seen that the experimental data lies well below the theoretical

pre dictions.

There are a number of possible explanations for this disagreement

between the theory and the experimental data:

1) No attempt was made to correct the data for the Schrage effect.

If the effect of a temperature discontinuity atthe vapor-liquid in-

terface were taken into account in evaluating the data, the experi-

mental heat transfer coefficients might be higher and thus show

better agreement with the theory.

2) The experimental data was of a preliminary nature. Improved

measurements might yield results showing closer agreement with

the theory.

3) The theoretical solutions with which the data was compared

were not derived specifically for the case of condensing flow in-

side tubes. The solutions neglected the effects of acceleration,

heat convection in the condensing film, vapor shear, and static

pressure gradient. In addition, the turbulent solution assumed

that the ratio of turbulent transport coefficients a was equal to

one. The single-phase convective heat transfer studies have in-

dicated that this is probably a poor assumption for liquid metals.

Improved theoretical solutions might show closer agreement with

the experimental data.

2. Proposed Methods of Estimating Condensing Heat Transfer Coef-

ficients

While the state of the art indicated that there were no relations that

would adequately predict condensing liquid metal heat transfer coeffi-

cients, some means of predicting such coefficients was required for

design purposes in this study. Since it was not within the scope of the

study to perform an analysis on the condensing liquid metal film, no

attempt was made to advance the state of the art. However, methods
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were investigated which would provide condensing heat transfer coeffi-

cients of the same order of magnitude as those measured experimentally,

and which could be used to extrapolate these results beyond the range

of the experimental conditions. These empirical methods are described

below. They are no more accurate than the data upon which they are

based and their validity beyond the range of experimental conditions

cannot presently be substantiated. However, these methods do provide

relations useful for design purposes until improved relations are avail-

able.

At present, the only experimental heat transfer data available for con-

densing liquid metals are limited to the cases of condensing flow on a

vertical plate and condensing flow through circular horizontal tubes.

Since the data taken for condensing flow_on a vertical plate is dependent

upon a one-gravity field and since the liquid metal condensers in this

study were designed to operate in zero-gravity fields, this data was not

considered applicable to the design applications of this study. There-

fore, only the data taken by Brooks and Sawochka 4B for condensing

flow through horizontal tubes was considered.

a. Method of Carpenter and Colburn

In an effort to find a method of correlating the data of Brooks and

Sawochka the experimental data was plotted in terms of the variables

hfl L
and F. These variables were shown by

k L (D L PrL) _/2

Carpenter and Colburn 42 and by Altman, et al*3 to be important for

turbulent condensing flow through circular tubes for fluids with
Prandtl numbers of the order of one.

The term F was calculated using the equation

F = Twg c = 4 d'_ tpf

The two-phase frictional pressure gradient -_ tpfWaS calculated

using the method of Lockhart and Martinelli 4 which is described in

greater detail in Section III.E. of this report. The plot is illustrated

in Figure 12. As can be seen in Figure 12, both the equations of

Carpenter and Colburn 42 and Altman, et al 43 predict condensing

heat transfer coefficients of the same order of magnitude as the

experimental liquid metal data. However, the equation of Carpenter

and Colburn appears to show closer agreement with the experimental

data.
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Because of the apparent agreement between the experimental data and

the equation of Carpenter and Colburn for a turbulent condensing film,

it was decided to employ the general method by Carpenter and Col-

burn as one method of estimating condensing heat transfer coefficients

for the liquid metal condenser design study. The following relations

were therefore used to predict condensing heat transfer coefficients.

Laminar Film, Equation (22)

h = k L 2/_ L

Turbulent Film, Equation (25)

h/_[,

kL P L _ Pr L Vu

= 0.043 F I/2

To differentiate between the laminar and turbulent flow regimes the

following transition criterion was employed

2.37 x 10 4 (_D__) 2rWtrans = PL gc (30)

where VWtrans is the wall shear stress for turbulent flow at the

transition point. This transition criterion employs a wall shear

stress instead of the more commonly used film Reynolds number.

Equation (30) was developed using methods similar to those suggested

by Carpenter 52 and is described byRohsenow, et al*' The details

of the development of Equation (30) are outlined in Appendix G.

Since all of the data points of Brooks and Sawochka were taken for

turbulent films, as determined by the above criterion, the validity

of Equation (22) for the laminar film cannot presently be confirmed

by comparison with experimental data. In addition, while Equation

(Z5) for the turbulent film shows apparent agreement with the ex-

perimental data, it neglects an important effect that should be brought

to the attention of anyone using this relation for design calculations.

As discussed above under state of the art, the Carpenter and Colburn

solution of the turbulent film was derived for liquids with high Prandtl

numbers and therefore only considered the thermal resistance of the

viscous sublayer of the film. This assumption caused the calculated

condensing heat transfer coefficient to be independent of the film

thickness for a given wall shear stress. The thermal resistances of
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the buffer layer and the turbulent region of the film were assumed
to be negligible. However, since these latter resistances are not

negligible for fluids of low Prandtl number , the heat transfer coeffi-

cient of a condensing liquid metal filrn must be a strong function of

the thickness of the film. As a consequence, Equation (25) does not
correctly account for the effects of the film thickness.

The fact that Equation (25) does not adequately account for the effect

of the film thickness is illustrated in Figure 13 where the heat trans-
5_tLh

fer parameter is plotted against the dimensionless film
kL( PL F) !/'2

thickness 8 + . The results of Equation (2B) are compared with those
of the equation

kL

h =-7- (31)

where 6 = film thickness

This can be derived for thin films by neglecting convection effects

and assuming heat is transferred only by molecular conduction.

Since Equation (31) neglects the effect of heat transfer by the turbu-

lent transport mechanism, it represents the lowest heat transfer

coefficient that is theoretically possible for a liquid film. The re-
sults of the Carpenter and Colburn equation are shown as a function

of Prandtl number. As can be seen,these results are represented

by a family of horizontal lines indicating that for a given wall shear

stress, the results of Equation (25) are independent of the film thick-

ness. In contrast the results of Equation (31) are steeply sloped,

indicating that the heat transfer coefficient of the film can be strongly
dependent upon the film thickness. For purposes of comparison,

the data of Brooks and Sawochka was also plotted in Figure 13. The

film thickness 6 was calculated for the data using the relation

5 = D [ 1 -41- R L ] (32)2

The liquid fraction R L was obtained from the correlation of Lockhart

and M_rtinelli 4 As can be seen in Figure 13, the data points show

general agreement with the heat transfer coefficients predicted using
Equation (25) with a Prandtl number of 0.003. However, as can be

seen in Figure 13, the bulk of the data lies substantially below the

minimum theoretical values predicted using Equation (31). There

are a number of possible explanations for this result:
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I) The data may require correction to account for the Schrage
effect.

2) The data itself may not be accurate.

3) The friction and liquid fraction correlations of Lockhart and

Martinelli 4 used to calculate F and 5 for the data points on this

plot were obtained experimentaUy for the isothermal two-phase

flow of common engineering fluids. These relations may not be

valid for the condensing flow of liquid metals.

It can also be seen in Figure 13 that Equation (25) predicts heat

transfer coefficients substantially below the minimum theoretical

values. This result is caused by the term Pr _ in Equation (25)

which was included by Carpenter and Colburn. Thus while Equation

(25) predicts condensing heat transfer coefficients of the same order

of magnitude as the experimental data, this agreement is fortuitous.

The agreement might well be due to a combination of a Schrage effect

in the data and the term Pr _ in Equation (25).

b. Modified Film Conduction Method

To obtain an expression that would predict condensing heat transfer

coefficients of the same order of magntitude as the experimental

data of Brooks and Sawochka and also reflect the importance of the

film thickness, it was decided to multiply the coefficient obtained

from Equation (31) by a correction factor. This correction factor

was used to bring the coefficient into agreement with the experimental

data. As can be seen in Figure 13, a correction factor of 0.3 gave

results that agreed reasonably with the bulk of the data. This re-
sulted in the relation

h = 0.3 k.--LL (33)
5

which was used as a second method of estimating condensing heat

transfer coefficients for design purposes in this study. The film

thickness 6 was calculated from Equation (32) where the liquid
fraction correlation of Lockhart and Martinelli, was used to obtain

R L . Since this liquid fraction correlation is valid for both laminar

and turbulent films, this method was applied to film flow in both

regimes. To use this correlation it is necessary to determine the

flow regime of both the vapor core and the liquid film. The transi-

tion criterion presented by Lockhart and Martinelli was used to deter-

mine the flow regime of the vapor core, while calculations were made
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using both Equation (30) and the criterion presented by Lockhart

and Martinelli' to determine the flow regime of the film.

Since all the data points of Brooks and Sawochka were taken for tur-

bulent films, as determined using both of the above criteria, the

validity of this method for laminar films cannot presently be con-

firmed by comparison with experimental data. While this method

does show apparent agreement with the experimental data for a

turbulent film, its use for conditions that differ from those of the

experimental data is dependent upon the validity of the constant

correction factor, 0.3, and validity of the friction and liquid frac-

tion correlations of Loci<hart and Martinelli for use with condensing

liquid metal flows has not been definitely established. In addition,

the very strong dependency of the condensing heat transfer coeffi-

cient on the film thickness predicted by Equations(31) and (33) is

approximately valid only for fluids which have very low Prandtl num-

bers, such as high temperature potassium. For fluids such as mer-

cury, which have Prandtl numbers an order of magnitude higher,

turbulent effects in the film become more important and the heat

transfer coefficient becomes less dependent upon the film thickness.

c. Schrage Effect Method

An effort was also made to determine whether the difference between

the experimental data points and the results of Equation (31) shown

in Figure 13, could be related to the Schrage effect. If such a rela-

tion existed, it could be used together with Equation (31) to predict

condensing liquid metal heat transfer coefficients for design purposes.

On the basis of the kinetic theory of gases, Schrage50 has theorized

that, due to mass transfer effects, a temperature discontinuity exists

at the vapor-liquid interface of a condensing film. His theory pre-

dicts that the temperature of the liquid at the vapor-liquid interface

Tint, is actually less than the saturation temperature of the fluid

Tsat- Based on Schrage's work, Sukhatme and Rohsenow'9 have

presented the following equation which relates the mass flux at the

liquid-vapor interface m to the temperature difference Tsat-Tint.

(Z__(Z__c) ]/'2 (RM__)3/'2 (Psatk J) Tin t) (34)m = (Tsat+460) s/2 (Tsat-

As can be seen in Equation (34) the mass flux is directly proportional

to this temperature difference.
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The term _ in Equation (34) is known as the condensation coefficient

or accommodation coefficient. Very little is known about this con-

densation coefficient. It is felt that a is a function of the condition

of the liquid-vapor interface and the fluid being condensed. Accord-

ing to Sukhatme and Rohsenow 4p many investigators have measured

a value of _ near 0.04 for water. Sukhatme and Rohsenow also in-

dicate that values of _ have been measured for mercury which

range from 0.0005 to 1.0. Avalue of 0.1 for • is the most consis-

tently reported value for mercury. Knudsen sa measured a value of

1.0 for • using very pure mercury and a value of 0.0005 for mer-

cury when the surface was contaminated with a scum. There are no

measurements of _ available for other condensing liquid metals.

For heat transfer considerations, the temperature difference Tsa t-

Tint can be treated by assuming an additional resistance to heat

transfer at the vapor-liquid interface. Thus the heat transfer coef-

ficient of a condensing flow is defined by the relation

qw (35)
h _: (Tsat_Tw)

where qw is the heat flux at the wall

This heat transfer coefficient can be expressed in terms of the heat

transfer coefficient of the condensing film hfilm and the equivalent

heat transfer coefficient of the resistance at the interface hin t using
the relation

where

1

h = 1 1 (36)
÷

hfilm hint

= qw (37)
hfilm - Tint_Tw

= qw (38)
hin t - (Tsat_Tint)

The true heat flux at the liquid-vapor interface qint can be related

to the mass flux m through the relation

qint = mk (39)

where X is the latent heat of vaporization
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However, if the subcooling of the liquid in the film is neglected,

qint can be assumed equal to qw and Equations (34), (35), and (39)

can be combined to yield the following relation for hin t

( ¢ )(ZT-_z9-) V2 (-_) 3/2 (Psat A2J) (40)hint = 2--a (Tsa t+460) s/2

Using the above relations, an attempt was made to relate to the

Schrage effect the difference between the experimental heat transfer

coefficients and those predicted by Equation (31). It was assumed

that for each data point the heat transfer coefficient of the condensing

film was equal to the value predicted by Equation (31). Values of

a that would account for the difference between the experimental

heat transfer coefficients and the film heat transfer coefficients were

then determined. It was hoped that these values of _ would show a

consistent trend. If such attend could be correlated in terms of

physical parameters, it could be used together with Equations (31),

(36), and (40) to provide a rational method of predicting condensing

liquid metal heat transfer coefficients for the design study. However,

the values calculated for _ varied from 0.00635 to 0. 1984, with an

average value of 0.045. No consistent trend was apparent and it

was therefore not possible to correlate _ in terms of any physical

parameters. In addition, since the values varied over such a wide

range,little significance can be attached to the average value of 0.045.

As a result, no positive conclusions can be drawn concerning the

significance of the Schrage effect in the experimental data of Brooks

and Sawochka. Nevertheless, the use of Equations (31), (36), and

(40) with assumed values of a was considered as a third method of

predicting condensing liquid metal heat transfer coefficients for the

liquid metal condenser design study.

d. Comparison Between Methods

The above discussion describes a number of methods developed to

estimate condensing liquid metal heat transfer coefficients for the

liquid-metal condenser study. Since many design calculations were

needed to conduct this study, it was not practical to repeat these

calculations using each different method of estimating the condensing

heat transfer coefficients. A comparison was therefore made to

investigate the effect of these different methods on the calculated

size and weight of a typical liquid metal condenser considered in

this study. On the basis of this comparison, one of these methods

was selected for use in most of the design calculations.
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This comparison was made for the lithium-cooled constant-diameter

shell-and-tube condenser described in Section IV of this report.

The thermodynamic design conditions are listed in Table I, Appen-

dix D. The configuration that was considered employed ninety-one

tubes of 3/8-inch outside diameter arranged in an equilateral tri-

angular pattern with a pitch-to-diameter ratio of I. 350. Calculations

of tube length and condenser core weight were made for this configu-

ration using these different methods for predicting condensing heat
transfer coefficients. The results are shown in Table 2.

As can be seen in this table,the size and weight calculated for the

given condenser configuration is strongly dependent upon the method

used to predict condensing heat transfer coefficients. These results

show that the shortest tube lengths and lightest core weights are

predicted using the film conduction method, while the longest tube

lengths and heaviest core weights are predicted using the Schrage

effect method. The Carpenter and Colburn method predicts tube

lengths and core weights half-way between those predicted by the

film conduction method and the Schrage effect method, using a value

of 0.045 for _. These results also show that tube length and core

weight are only slightly affected by the different transition criteria

used with the film conduction method, but that tube length and core

weight are strongly affected by the value assumed for _ using the

Schrage effect method.

In selecting a method to use for the design calculations it was de-

sired to choose one that predicted long tube lengths and high core

weights. Such a method would probably predict answers that were

conservative in terms of size and weight. As can be seen in Table

Z, the Schrage effect method predicts the longest tube lengths and

the highest core weights. However, since the results obtained using

the Schrage effect method are so strongly dependent upon the con-

densation coefficient _, and since so little is actually known about

_, it was decided that this method was not sufficiently reliable for

use in the design calculations. As a result, the Carpenter and Col-

burn method, which predicts more conservative results than the
modified film conduction method, was selected for most of the de-

sign calculations.

E. Pressure Drop Calculations

A literature survey was conducted to obtain methods for calculating the

different types of pressure drop encountered by flow through the various

condenser designs considered in this study. These pressure drops can

be classified into the general categories of contraction and expansion
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losses, frictional losses, pressure drop due to momentum effects,

orifice losses, and radial pressure loss. The methods employed for

calculating these different types of pressure drop and their ap-

plicability to the condenser designs of the study are discussed below.

I. Contraction and Expansion Losses

Pressure losses due to sudden contractions and expansions are en-

countered whenever a fluid flows between passages of different cross-

sectional area without a gradual transition section. Typical examples

are the flow from a feed pipe into an inlet manifold, flow from an inlet

manifold feeding a number of tubes, and flow from a shell into an exit

manifold. Reference 30 contains a summary of the general equations

and coefficients for calculating expansion and contraction losses for

single-phase flow through typical heat exchanger geometries. In addi-

tion, some information has been presented for calculating these losses

for two-phase flow. Lottes s4 reviewed several methods of calculating

the static pressure drop due to a sudden expansion for two-phase flow,

while Straub and Silberman 55 presented methods for calculating static

pressure drops due to both sudden expansion and sudden contraction

for two-phase flow. Their equations are empirical and are based on

experimental data taken for air-water mixture at low quality flow.

In making the design calculations the equations presented in Reference

30 were used for the case of single-phase flow. However, for the con-

ditions of this study, two-phase flow contractions and expansions oc-

curred only at high quality (83 per cent) conditions. Since the methods

presented by Lottes 54 and Straub and Silberman 55 were obtained em-

pirically for low quality flows, it was felt that these methods were not

applicable for this study. As a result the design calculations for two-

phase contractions and expansions were made using the equations of

Reference 30 and assuming the flow to be a single-phase vapor. This

method is arbitrary, but it is felt to give a reasonable estimate of these
losses.

2. Frictional Losses

The frictional pressure losses for the condenser designs of this study

are associated with flow through circular tubes and annular passages,

and with the axial flow of the coolant through the shell for shell-and-

tube condenser designs. The relations for predicting frictional pres-

sure losses for the flow of single-phase fluids through passages with
both circular and noncircular cross-sections are well established.

The equations presented in the textbook of Binder 56 were employed in

making the calculations for this study.
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Relations for predicting frictional pressure losses for two-phase flow

in a circular pipe have been presented by Lockhart and Martinelli 4

Hays $7 indicated that a pressure drop prediction based upon the Lock-

hart and Martinelli correlation agreed reasonably well with condensing

mercury data. Altman, et al 43 also indicated that calculated values of

pressure drop using the method of Martinelli and Nelson sa (an integrated

version of the Lockhart and Martinelli correlation) gave good results in

comparison with data for refrigerant-Z2 condensing in horizontal

tubes. A recent paper by Dukler et al s_ indicated that the Lockhart

and Martinelli correlation showed the best agreement with a set of

carefully culled adiabatic two-phase pressure drop data when compared
with four other correlations.

The method of Lockhart and Martinelli was employed in making the

calculations for the design study. The Lockhart and Martinelli corre-

lation was adapted for use in a computer program to facilitate calcu-

lations. A discussion of this calculation procedure is found in Appendix
H.

3. Pressure Drop Due to Momentum Effects

This type of pressure drop was considered in calculations involving

the working fluid in the two-phase flow regime. This pressure drop

is due to the large changes in velocity head of the fluid as condensation

occurs. In order to calculate this type of pressure drop a method is

needed to calculate an average velocity head which in turn involves a

method of obtaining relative volumes (or velocities) of vapor and liquid

as the two phases flow concurrently in the passages. These relative

volumes depend upon flow regime. The method used in the design cal-

culations to determine relative volumes of the two phases was based

on empirical data obtained by Lockhart and lVlartinelli 4 for the different

flow regimes. The general equations and the Lockhart and Martinelli

correlation of liquid volume fractions were programmed for a computer

and are discussed in Appendix H. A recent paper by Dukler, et al s9

indicated that the Lockhart and Martinelli correlation showed good

agreement with a set of carefully culled experimental data on liquid

volume fraction with annular two-phase flow.

4. Orifices Losses

In some condenser designs orifices were included in order to cause

better flow distribution for both the coolant and the working fluid.

Since in all cases, the orifices were in a regime of single-phase liquid

flow, calculations of pressure losses through orifices were based on

standard equations for liquid flow through orifices, such as those dis-
cussed in McCabe and Smith _0
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5. Radial Pressure Loss

In the shell-and-tube designs of this study, passages were formed be-

tween the tubesheets and plates containing orifices to distribute the

coolant (see Figure 14). These passages were located at both ends of

the shell. At the inlet end of the shell the coolant entered these passages

at the outer periphery, flowed radially inward, and was dispersed

through the orifices into the main shell section. Thus, the flow rate

diminished as the coolant flowed towards the center. A reverse pro-

cedure occurred at the exit passageway. Similar radial flow patterns

were obtained by the flow of the working fluid between adjacent tube-

sheets as it entered and left the annular passages of the concentric

tube design (see Figure 5Z). The pressure drop encountered by this

radial flow was thus a combination of friction, expansion, and contrac-

tion type losses as the fluid flowed across a tube bank.

No direct method of calculating this type of loss was found in the litera-

ture survey. A method of approximating the radial loss for the particu-

lar condensers designed in this study was devised. The method is

described in Appendix I, and is based on methods for flow across stag-

gered tube banks. However, adaptations had to be made for variations

of mass flow velocity and number of tubes in the direction of flow.

F. Critical Two-Phase Flow

In the two-phase flow of a liquid and a gas through a duct, a condition

can occur when for a fixed inlet pressure a further decrease in exit

pressure will not produce an increase in the mass velocity of the fluid

through the duct. This condition, known as the critical condition,

corresponds to the sonic choking phenomenon of single-phase gas flow.

However, in critical two-phase flow, sonic choking of the gas phase

does not necessarily occur. Critical two-phase flow is significant in

condenser design because it places an upper limit on the mass velocity

of the condensing fluid. This is a particularly important consideration

in the design of tapered condensers since the mass velocity of the con-

densing fluid can increase in the direction of the condensing flow.

Using an annular flow model and following an approach similar to that

of Fauske 6_ the following equation has been derived for the critical

mass velocity of a two-phase fluid
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Gcr =I -ge 1 I/2

where k -(.=_I _2vL

(41)

A detailed derivation of this equation is given in Appendix J. As can

be seen in Equation (41), the critical mass velocity is dependent only

upon the thermodynamic properties of the two phases and upon the
dynamic quality of the two=phase flow.

The results using Equation (41) were compared with the available critical

two-phase flow data of Moy 62, Faletti6_, Fauske 6, , and Cruz 64 and

withthetheoretical results of Fauske. As can be seen in Figures 15 and

16, the results using Equation (41) show reasonable agreement with the
experimental data taken for steam-water mixtures. In addition it can

be seen that the results using this analysis and that of Fauske are iden-

tical. However, Equation (41) is of a more convenient form to use than

the method presented by Fauske.

Equation (41) was used to check whether two-phase choking would occur

in the tapered condenser designs presented in Section IV of this report.
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IV. CONDENSER DESIGNS FOR ONE-MEGAWATT

(ELECTRIC) I:'OWER PLANT

A. Introduction

The recommended analytical design procedures described in the pre-

ceding section were employed in a study to determine the most suitable

type of liquid metal condenser for a one-megawatt (electric) Rankine-

cycle space powerplant. Three different arrangements for the heat rejection

system of the powerplant were considered as well as two different

radiator fluids, lithium and NaK. A number of different condenser

configurations were investigated. Parametric studies were conducted

for these different configurations and preliminary designs were made

on the basis of these parametric studies.

The one-megawatt Rankine-cycle powerplant used as the basis of this

study was originally investigated by Pratt & Whitney Aircraft for NASA

under Contract NASw-360 and is described in detail in Reference 65.

The uowerplant is shown schematically in Figure 17a. It consists of

a lithiuro-cooled nuclear reactor supplying heat to four power systems.

Each power system consists of a power loop and four heat rejection

1o0ps. The power loop consists of a boiler, a turbine, one or more

condensers, a jet pump, a turbine-driven pump and a control valve.

Potassium is used as the working fluid in the power loops. Heat is

removed _rom the condensers of each power loop using the four heat

rejection loops which operate independently of each other for improved

reliability. The heat rejection loops consist of the condensers, a

radiator and a circulation pump, and employ a liquid metal coolant.

There are a number of possible condenser arrangements that can be

used with the four independent heat rejection loops. Of these the

following three arrangements, illustrated in Figure 17b,were con-

sidered in this stud),.

1) Four condensers connected in parallel on the potassium side,

each connected to a different heat rejection loop.

2) Four condensers connected in series on the potassium side,

each connected to a different heat rejection loop.

3) One condenser with the coolant side divided into four segments

which are sealed from each other. Each segment is connected

to a different heat rejection loop.
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Arrangements 2 and 3 are similar thermodynamically and differ

primarily in the mechanical construction of the condensers and piping.

In the event of failure of one of the heat rejection loops, the power

output of the system will be reduced to the point that the heat removed

from the three remaining active heat rejection loops will be sufficient

to completely condense the working fluid. In Arrangements 2 and 3

the working fluid can be completely condensed within the three active

condensers themselves. However, due to the parallel connection used

in Arrangement 1 some of the working fluid would bypass the three

active condensers, flow through the inactive condenser, and enter the

collecting pipe as an uncondensed vapor. Condensation would therefore

be completed in the collecting pipes as the vapor mixes with the sub-

cooled condensate from the three active Condensers and flows to the

jet pump. In designing condensers for Arrangement 1 it is necessary

to restrict the amount of vapor passing through the inactive condenser

to a sufficiently low flow rate so that it can be completely condensed

by the subcooled condensate from the three active condensers. This

can be done by placing small-diameter orifices in the condensate flow

path of each condenser.

The powerplant as described in Reference 65 employs liquid lithium

in the heat rejection loop. However, since NaK has a much lower

freezing temperature than lithium, there is also interest in using NaK

as the coolant in the heat rejection loops of Rankine-cycle space power-
plants. For this reason both lithium and NaK were considered as

coolants in the condenser design study.

The condenser design conditions for the case where lithium is used

as the coolant are given in Table 1. The potassium enters the con-

denser as a wet mixture and leaves as a subcooled condensate, while

the lithium coolant takes a IS_°F temperature rise. These conditions

were obtained from Reference 65 and are the result of an optimization

study performed on the system.

The design conditions for the case where NaK is used as the coolant

are also given in Table 1. They are identical to those of the previous

case except for the coolant temperature rise and coolant flow rate.

The 705°F temperature rise specified is considered typical of that to

be expected for an NaK-cooled system and is not the result of an opti-

mization of this particular system.

The reader is cautioned that the subcooling length for the non-

tapered diameter designs presented in this report are minimal

in order to comply with the specified potassium outlet tern-
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perature. It is recommended that additional length be added

to the constant-diameter cases in order to insure complete

condensation in the tubes, to account for off-design conditions.

This would result in a lower value of potassium outlet tem-

perature. The tapered designs included additional subcooling

length and resulted in a lower value of potassium outlet tem-

perature. This was done because of difficulties involved in

adding length to tapered designs.

In the initial phase of the design study, plate-fin, shell-and-tube, and

concentric-tube heat exchangers were considered for possible use as

liquid metal condensers to operate in a space environment. Plate-fin

heat exchangers were found impractical from a fabrication standpoint,

since all joints should be welded (see Appendix A). Shell-and-tube

and concentric-tube condensers appeared to be the most practical

types for this application, and therefore were given detailed considera-

tion in the study.

The effect of varying the important geometrical parameters was

studied in order to arrive at the most desirable design for each indi-

vidual condenser configuration considered. Design configurations

were then selected on the basis of the size and weight of the condenser,

the relative ease of fabrication, and the degree of reliability that

would be expected. Preliminary design drawings were made for the

most promising of these design configurations. These preliminary

design drawings appear as Figures 19 to 2_ and Figure 52 of this report.

Comprehensive stress analyses were performed in the preparation of

these preliminary designs. These analyses were similar to that pre-

sented in Volume II of this report for a constant-diameter shell-and-

tube configuration, and indicated that these designs could withstand the

thermal stresses expected in normal operation for a period exceeding

the 10,000-hour design life of these condensers.

In addition, a study was conducted in order to determine the best

material of construction for either a lithium or a__ NaK-cooled potassium

condenser operating at a maximum temperature of I200°F. This study

concluded that the refractory alloy columbium-l_/0 zirconium was the

best material from the overall standpoints of corrosion resistance,

strength, machinability, and ability to be joined. The details of this

study are presented in Appendix A. In addition, this study describes

different joining techniques for tube -to -tube sneet joints for heat

exchangers using Cb-l% Zr. The recommended method of joining

tubes to tubesheets consists of seal-welding the tube ends to the sheets

and diffusion-bonding the tubes to the mating holes, using vanadium
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inserts (see Figure 18). The thicknesses of tubes and tubesheets

used in the design study were selected to conform with the requirements

of this fabrication procedure. All welding in the fabrication of the

condenser is to be done in an argon or helium atmosphere with tungsten

electrodes. Welding the tubes to the tubesheets should be done using

a high speed process such as the cone-arc method.

A detailed description of the design features and the design selection

procedure is given below for each condenser configuration considered.

B. Shell-and-Tube Condensers

The shell-ana-tube condenser is particularly attractive for space

powerplant applications. The cylindrical shell serves as a good

pressure vessel, while the basic construction provides a minimum

number of metal-to-metal joints, thereby improving reliability. For

this reason, the major portion of this study was devoted to various

types of sheU-and-tube condenser configurations. Three basic types

of shell-and-tube condensers were considered, I) constant diameter,

2) tapered diameter, and 3) annular shell. These are illustrated in

Figures 19 to ZZ and are described in greater detail in the sections

that follow.

All of the shell-and-tube condensers used a counterflow arrangement

with the condensing fluids flowing through the tubes and the coolant

flowing axially through the shell as illustrated in Figure 14. The

counterflow arrangement is required to meet the temperature design

conditions, since the coolant exit temperature is considerably higher

than the condensate exit temperature. Condensing inside the tubes

was chosen instead of the more conventional method of condensing

outside the tubes, because the condenser must be designed to operate

in a zero-gravity environment. With the condensing flow inside the

tubes, fluid pressure and shear effects instead of gravity can be used

to drive the liquid condensate from the condenser. Since the heat

transfer coefficient on the shell side was sufficiently high with straight

axial flow, cross-flow baffling was not employed in the shell. In

addition, the use of cross-flow baffling would have resulted in a large

number of passes in order to obtain the required heat exchanger

performance, and a very large shell diameter in order to keep the

shell-side pressure losses within the required 1. g psi.

Shell-and-tube condensers were considered for use with all three heat

rejection arrangements. The constant-diameter, tapered-diameter,

and annular-shell configurations were studied for the series and

segmented-shell arrangements.
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1. Parallel Arrangements

For the parallel arrangements constant-diameter shell-and-tube

configurations and tapered shell-and-tube configurations were

designed for both lithium-cooled and NaK-cooled cases. In addition,

an annular-shell, bent-tube configuration was designed for the

lithium-cooled case. The design calculations were made using the

computer program described in Section V of this report.

a. Constant-Diameter Configuration

The constant-diameter shell-and-tube configurations are illustrated

in Figures 19 and 20. They consist of a bundle of circular tubes

attached to tubesheets at either end. The tube bundles are

arranged in a hexagonal pattern using an equilateral triangular

pitch. The tube bundles are enclosed in cylindrical shells employ-

ing hexagonal liners to direct the flow through the tube bundles.

The shells are joined to the tubesheets at both ends through toroidal

type manifolds. These manifolds are sufficiently flexible to re-

lieve the stresses caused by the differential thermal expansion

between the shell and the tubes. Orifice plates are used at both

ends of the shell since the frictional pressure loss of the fluid

through the shell is insufficient to maintain a uniform distribution

of the coolant across the shell. The resulting shell fluid flow

pattern is illustrated in Figure 14. The potassium enters through

the inlet pipe and is distributed to the tubes from the potassium

inlet manifold. The potassium enters the tubes where it is con-

densed and subcooled. The potassium condensate leaves the tubes

and is collected by the potassium exit manifold before leaving

through the exit pipe.

Small-diameter orifices are placed at the exit of each tube. These

orifices minimize the amount of vapor that would pass through the

condenser if the heat rejection loop of that condenser failed. They

also reduce the amplitude of the pressure oscillations that would

occur during sucha loss of cooling. These oscillations are caused

by vapor entering the exit manifold and were observed in tests con-

ducted under this contract and reported in Reference 66. In addition,

these orifices are sized so that the static pressure drop across

them is greater than the static pressure rise of the condensing flow

through the tubes. This helps to insure a uniform distribution of

potassium to alltubes, particularly when the condenser is operat-

ing in a horizontal orientation within a gravity field.
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The coolant enters from the inlet pipe and is distributed circum-

ferentially by the coolant inlet manifold. The lithium then flows

radially inward through the circumferential gap between the shell

and the tubesheet and enters the passage between the tubesheet

and the adjacent orifice plate. The coolant flows radially inward

through this passage and is dispersed through the holes in the

orifice plate into the main shell section. Thus the flow rate of the
coolant is diminished as it flows towards the center. The coolant

flows axially through the main shell section and then through the holes

in the orifice plate at the exit end of the shell. The coolant is collected

in the passage between this orifice plate and the adjacent tubesheet where

it flows radially outward. The coolant continues to flow radially outward

t!_rough the circumferential gap between the tubesheet and the shell

and is collected by the coolant exit manifold before leaving through

the exit pipe.

In order to obtain high thermal performance, the coolant flow

must be distributed uniformly in the radial direction as it flows

through the main shell section of the condenser. This coolant

distribution is strongly influenced by the relative pressure drops

across various portions of the coolant flow path. As the pressure
drop across an orifice plate increases relative to the radial

pressure loss for the flow between this orifice plate and the adja-
cent tubesheet, the coolant distribution becomes more uniform

across the shell. It was felt that the drop across the orifice plate

must be at least ten times the radial pressure loss to obtain an

acceptably uniform coolant distribution in the main shell section.

The hole pattern in the shell orifice plates is illustrated in

Figure Z3. The tubes are fitted through circular holes in the

plate. An average clearance of 0. 006 inch is maintained between

the tubes and the mating plate hole to permit ease of assembly.

This clearance forms annular orifices through which a portion of

the fluid passes. The remainder of the fluid passes through cir-

cular orifice holes located at the centers of the equilateral tri-

angular tube arrangements.

A uniform distribution of the coolant flow in the main shell section

of the condenser is also promoted by a uniform distribution of the

flow through the circumferential gaps between the shell and the

tubesheets(see Figure 14). As the pressure drop across each gap

increases relative to the other pressure drops in the coolant flow

path, the flow through the gap becomes more uniform in the circum-
ferential direction.
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The equilateral triangular tube arrangement is illustrated in

Figure 24. There are two parameters which are convenient for

describing the relative spacing of these tubes. These are the

pitch-to-diameter ratio P/D and the blockage B. The blockage

is the fraction of the total shell frontal area that is blocked to

shell side flow,or 1.0 - free flow area . The pitch-to-diameter
total frontal area

ratio is related to the blockage through the equation

T
B=

which can be derived from geometrical considerations. Thus as

the tubes are spaced closer together P/D decreases while B

increase s.

1) Lithium-Cooled Configuration - Both lithium and NaK-cooled

• configurations were considered for the constant-diameter

condenser. The lithium-cooled configuration is shown in

Figure 19. The effect of the following parameters on core

weight, shell volume and tube length was considered in sizing

this condenser:

1) Number of tubes

2) Inlet Mach number of the potassium vapor

3) Blockage

The condenser core weight is calculated as the sum of the

weights of the tubes, the tubesheets, the shell, and the potas-

sium and lithium inventories. It does not contain the weight

of the manifolds nor fluid inventories within the manifolds.

The shell volume is calculated as the cylindrical volume enclosed

within the shell and the tubesheets.

Although the potassium enters the tubes as a two-phase mixture

of vapor and liquid, the inlet Mach number used in the parametric

study was calculated on the basis of the vapor flow alone. While

a Mach number calculated in this manner is not a rigorously

defined physical quantity, it does serve as a useful measure of

the mass velocity of the vapor. For high quality two-phase

flows this Mach number also gives an indication of the magnitude

of compressibility effects that might be expected in the actual

two-phase flow. This is particularly important since there is,

at present, no adequate theory describing two-phase compressible

flow effects. The equations used in the condenser analysis are

not adequate for describing two-phase compressible flow effects.

A maximum inlet Mach number of 0.5 was chosen for the para-

metric study since compressible effects become significant for

single-phase vapor flow near this Mach number.
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The effects of varying the number of tubes and the inlet Mach

number of the potassium vapor were studied for a blockage of

0.5. The results are illustrated in Figures 25, 26, and 27.

As can be seen from these figures, core weight and shell

volume decrease as both the number of tubes and the inlet

Mach number increase. Thus, weight and volume are lowest

at the upper limit of inlet Mach number and largest number of

tubes considered in this study. However, while weight and

volume decrease as the number of tubes increases, the number

of tubes that can be employed is limited by reliability and fab-

rication considerations. As the number of tubes increases, the

number of tube-to-tubesheet joints increases accordingly. This

increases the possibility of leakage, thus reducing the reliability.

In addition, as the number of tubes increases at a given inlet

Mach number, the tube diameters must decrease to maintain

a constant potassium flow area. At present, tubes with outside

diameters less then 3/16 inch cannot be used due to difficulties

in fabricating the tube-to-tubesheet joints. This places an

upper limit on the number of tubes that can be used for a given
.................... i-n-_]_ t- _]'_ ____.._._**_err-_T_j___If_ _:h_.__n_r_,-_,_4*_,-_1_t__

chosen as a compromise between size, weight, reliability and
ease of fabrication:

number of tubes

tube outside diameter

tube wall thickness

inlet Mach number

91

0. 375 inch

0. 020 inch

0.46

A reasonable degree of reliability can be obtained with ninety-

one tubes and tube -to -tube sheet joints can be fabricated without

difficulty for tubes of 3/8 inch outside diameter. In addition,

the inlet Mach number of 0.46 is sufficiently high to provide

low weight and volume without exceeding the limit of 0.5.

Since the parametric study described above was performed for

a blockage value of 0.5, the effect of blockage on the selected

ninety-one tube condenser was investigated. The results of this

investigation are illustrated in Figures ZS, 29 and 30, where

core weight, shell volume and tube length are all shown to

decrease with increasing blockage, making high blockages

desirable. However, it was found that a blockage of 0.5
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represents an upper limit for practical condenser design. At

values of B greater than 0.5 the tube spacing P-D (see Figure

Z3), becomes so tight that it is difficult to fabricate the individual

tube -to -tube sheet joints without interfering with the neighboring

joints. In addition, the validity of the relations for predicting

the heat transfer coefficient of the shell fluid becomes question-

able for values of B greater than 0.5.

In designing shell-and-tube heat exchangers it is desirable to

distribute the fluid to each tube as uniformly as possible in

order to keep the heat exchanger performance as high as possi-

ble. Since the flow rate in each tube is strongly dependent

upon the heat transfer rates along each tube, it is desirable to

keep the heat transfer rates from each tube as uniform as

possible at any axial position. Since the radial cross-flow

between the tubesheets and their adjacent orifice plates repre-
sents an area where there are nonuniform heat transfer rates

from each tube, it is desirable to keep the length of tube ex-

posed to this_r._£r_oas-_lo_ to _ minkmum_ T._hks is _ar_i_aularly ...................

important at the potassium inlet end of the tube where the con-

densing film is just developing. However, as the distance between

a tubesheet and the adjacent orifice plate is decreased, the

pressure loss resulting from this radial cross-flow increases.

In calculating the pressure loss for the shell fluid, it was found

that the 1.2 psi pressure drop requirement for the coolant would

be exceeded at a blockage of 0.5 unless the distances between

the tubesheets and their adjacent orifice plates were made

unacceptably large. This was due to the magnitude of the radial

pressure loss. In order to obtain a design where the radial

pressure loss and the distances between the tubesheets and

their adjacent orifice plates were reasonable it was necessary

to decrease the blockage, thus taking a weight and volume penalty.
It was felt that a maximum distance of 3/4 inch between the tube-

sheets and their adjacent orifice plates could be tolerated. This

necessitated a blockage of 0. 354 and a relatively wide circum-

ferential gap width of 1/2- inch in order to meet the 1, 2 psi

pressure drop requirement for the coolant.

The final design conditions for the constant-diameter lithium-

cooled condenser are summarized in Table 3. b-igures 31a and

31b show variations of heat transfer coefficients, fluid tem-

peratures and quality with length, for this final design con-
fig uration.
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The temperature level of the coolant in the condensers is an

important consideration in optimization studies of Rankine-cycle

space powerplants. For this reason a study was performed to

determine how the size and weight of a typical constant-diameter

shell-and-tube condenser would change as the coolant tempera-

ture level was changed from the original design conditions.

For this study the potassium state and the lithium temperature

rise were the same as specified in the design conditions, while

the lithium outlet temperature was varied from 1130 °F to 1165 °F.

The results are illustrated in Figures 32a and 3Zb where shell

volume and core weight are plotted against lithium outlet tem-

perature. The shell volume and core weight are relatively

insensitive to the lithium temperature level until the lithium

outlet temperature approaches the potassium inlet temperature.

This is caused by the unusual fluid temperature distributions

found in this type of condenser. Typical temperature distribu-

tions for this study are plotted in Figure 33. In this figure the

potassium temperature changes very little along the length of

the condensing section:____I t rises slight!_y in the__direction ol ................................

potassium flow due to the effect of static pressure on the satura-

tion temperature. In the subcooling section, however, the

potassium temperature decreases at a very rapid rate over a

short distance. The reverse is true of the lithium temperature

distribution. In the subcooling section the lithium temperature

rises only slightly in the direction of lithium flow while it rises

significantly in the condensing section. These fluid temperature

distributions give rise to the axial distribution of the temperature

driving potential AT shown in Figure 34. In the condensing

section AT rises steadily with distance in the direction of the

potassium flow, while in the subcooling section it falls rapidly

with distance. In Figure 34 AT is much less at the potassium

inlet end of the condenser than it is over the greater portion of

the condenser. Therefore as the lithium temperature level is

increased, AT decreases by a much lower percentage over

the greater portion of the condenser than it does at the potassium

inlet end. As a result it is only when the temperature differ-

ence at the potassium inlet end becomes very small that con-

denser size must increase greatly in order to transfer the

required heat load.
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_) NaK-Cooled Configuration - The NaK-cooled constant-

diameter condenser design is illustrated in Figure 20. It is

similar in construction to the lithium-cooled design. Both

configurations employ ninety-one tubes of 3/8 inch outside

diameter arranged in a hexagonal pattern, expansion joint

manifolds, orifice plates to maintain uniform axial flow in the

shell, and small diameter orifices in the tube exits. The pri-

mary difference between these two designs is in their dimensions.

The NaK-cooled design has a longer tube length, a larger shell

diameter, and a lower blockage than the lithium-cooled design.

The construction using ninety-one tubes of 3/8 inch outside

diameter was selected for the NaK-cooled configuration on the

basis of the same considerations employed in the case of

the lithium-cooled configuration. Since the nuLnber of tubes and

inlet Mach number should affect the size and weight of an NaK-

cooled condenser in the same manner as they do the lithium-

cooled condenser, it was not necessary to perform a second

parametric study in order to arrive at this selection.

The larger size of the NaK-cooled design results primarily

from the fact that the physical properties of NaK cause it to

be a poorer coolant than lithium. Table 4 compares the phys-

ical properties of NaK and lithium and lists the properties of

potassium used. The thermal conductivity of NaK is consider-

ably less than that of lithium. Since the heat transfer coefficient

of the liquids is strongly dependent upon thermal conductivity,

the heat transfer coefficient on the shell side is less for the

NaK-cooled case than for the lithium-cooled case at a given

blockage. This reduces the overall heat transfer coefficients

along the length of the condenser and thus more tube area is

required for the NaK-cooled case to transfer the same quantity

of heat. This is reflected in a longer length for the NaK-cooled

condenser as illustrated in Figure 30. In addition, Table 4

shows that the specific heat of NaK is much less than that of

lithium. Therefore, a much greater flow rate is needed for a

given coolant temperature rise. Table 2 shows that the flow

rate required for the NaK case is approximately four times

that of the lithium case. This higher flow rate requires a lower

blockage to maintain the shell fluid pressure drop within 1.2

psi. Figures 28, 29 and 30, show that shell volume, core

weight, and length increase as blockage decreases.
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Because of this higher flow rate the shell fluid pressure loss

was the principle consideration in sizing the NaK-cooled con-

stant diameter condenser. The problem was to size the various

components of the shell fluid flow path so that the pressure loss

would not exceed the required 1.2 psi while condenser weight

and volume was kept to a minimum. Therefore, the effects of

the various parameters controlling the individual shell fluid (NaK)

pressure drops were studied to arrive at a suitable compromise.

In performing this study the following basic tenets were
adhered to:

1) Only one inlet and one outlet pipe for the shell fluid
was to be used

2) The inside diameters of the inlet and outlet pipes for

the shell fluid were equal

3) The distance between an orifice plate and its adjacent

............................. tubesbeet w_4 inch ..........................................................................

4) The pressure loss across the orifice plate at a given

end was ten times the radial pressure loss at the end

5) The widths of the circumferential _aps between the shell

and the tubesheets were equal at both inlet and exit manifolds

The results of this parametric study are shown in Figures 35 and 36.

In Figure 35 radial pressure loss decreases with decreasing

blockage. Figure 36 shows the diameter of the inlet and out-

let pipes that is required to meet the 1.2 psi coolant pressure

loss for a given blockage and circumferential gap width. Since

the diameter of the inlet and outlet pipes influences the size

and structural integrity of the expansion joint manifolds, it was

desirable to keep them as small as possible. However, as can

be seen in Figure 36, a reduction in the pipe diameter for a

given gap width requires a blockage decrease, which in turn

results in an increase in core weight and shell volume (see

Figures 28 and 29). A 2.0-inch pipe diameter was chosen as

a compromise between practical design considerations and

condenser core weight and shell volume.

PAGKNO. 50



PRATT • WHITNEY AIRCRAFT PWA-Z]20

Volume I

The width of the gap between the shell and the tubesheet con-

trols the pressure drop of the flow between the manifolds and

the shell. As this gap width decreases, the pressure loss

increases. As the pressure loss increases relative to other

pressure losses in the system, the flow through the gap becomes

more uniform in the circumferential direction. However, as

shown in Figure 36, as the gap width decreases for a given

pipe diameter, the blockage must also decrease with a resultant

increase in condenser weight and volume. A gap width of 0.30

inch and a pipe diameter of 2.0 inches with a resultant blockage

of 0.2-27 were selected as a compromise between flow distri-

bution and core weight.

The final design conditions for the constant-diameter lithium-

cooled condenser are summarized in Table 3.

3) Lithium-Cooled Annular-Shell Bent-Tube Configuration - In

order to relieve the stresses that develop from differentials

in the thermal expansion of individual tubes, many shell-and-

.................... _b_e_exc hang e r s-are b-uYit- so-tha-t--_ndividudi- tub e s-c_ .....................

flex independently of the others. This has been accomplished

in a number of different ways. Some heat exchangers employ

long thin tubes which bow under the action of thermal stresses.

Others use tubes bent into a U shape which are free to grow in

the axial direction. For liquid metal heat exchangers many

designers have found it expedient to bend the tubes approximately

45 degrees instead of into a complete U. Such a bend still

provides sufficient flexibility to relieve the stresses.

In designing liquid metal condensers for this study it was found

that the calculated tube lengths were too short to employ any of

the above-mentioned conventional methods of allowing the tubes

to flex. However, a flexible tube construction was found possi-

ble in an annular-shell arrangement, with tubes that were so bent

as to be perpendicular to the radial direction. Such a condenser

is illustrated in Figure 2-1 where the tube bundle is seen to be

enclosed in an annular passage between two concentric shells.

The tubes are of equal length and are equally spaced along
three concentric circles. The tubes are bent in the middle to

permit flexibility. They are also bent to conform with the

same circle when viewed in the axial direction as shown in

Section BB of Figure _-1.
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Like the other condensers in this study, the annular-shell

bent-tube configuration employs a counterflow arrangement.

However, the flow patterns for this configuration (Figure Zl)

differ from those described for the more conventional constant-

diameter configurations. Also, the potassium vapor enters

through an inlet pipe and is distributed uniformly in the radial

direction by a flow divider. The potassium then enters the

tubes where it is condensed. At the tube exits the condensed

potassium is collected by a toroidal type manifold and leaves

through an outlet pipe. The lithium enters from an inlet pipe

and is distributed uniformly in the radial direction by the

lithium flow divider. The lithium enters the annular shell

area through the gap between the inner shell and the tubesheet.

The lithium then flows axially through the tube bundle and leaves

the annulus through the gap between the outer shell and the

opposite tubesheet. The lithium is then collected in the same

type of toroidal manifold employed by the other shell-and-tube

configurations and leaves through an outlet pipe. Flexible

manifolds are shown in Figure 21 although they are not required

to relieve stresses due to differential thermal expansion between

the tubes and the she11. Since the sum of the total radial pres-

sure loss is approximately equal for all fluid paths through the

annular shell, orifice plates are not needed to insure uniform

axial flow. Because this type of bent-tube arrangement is not

commonly used, there are no methods presently available for

predicting the heat transfer coefficients on the shell side of

this configuration. The method of Dwyer, derived for axial

flow through a bundle of straight tubes,was therefore used in

order to obtain an estimate. It was thus possible to

apply the results presented in Figure 30 for the lithium-

cooled constant-diameter configuration to the annular-shell

bent-tube configuration.

In designing this configuration,consideration was given to size,

weight,and reliability, as well as to the factors involved in

fabricating a bent flexible tube. A ninety-one tube bundle of

tubes 3/8 inch in outside diameter was selected on the basis

of the size, weight, and reliability considerations discussed

above for the lithium-cooled constant-diameter configuration.

In order to obtain a tube sufficiently long to be bent without

difficulty it was necessary to decrease the blockage, thus
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sacrificing size and weight. A ten-inch tube length with a

resulting blockage of 0. 165 was selected for the design.

Because of this low blockage and the absence of orifice plates,

shell-side pressure losses were very low and parametric

studies were not required to keep the shell-side pressure loss

within the I. 2 psi limit. The final design conditions for the

annular-shell bent-tube condenser are summarized in Table 3.

b. Tapered Configurations

The tapered configuration may offer some advantages over the

constant-diameter configuration. Since the cross-sectional area

of the tubes decreases with length, the tapered tubes maintain a

higher average vapor velocity than can be obtained with a constant-

diameter tube. This results in a higher average heat transfer

coefficient for the condensing flow. In addition, there is some

evidence that condensing flow is more stable inside tapered tubes,

as observed for the case of mercury 67. However, subsequent

experiments performed with condensing water as a part of this

study and reported in Reference 66, showed no apparent increase

in stability for condensing flow inside tapered tubes.

While there may be some advantages to tapered designs, they are

also more difficult to manufacture. This arises from the basic

tapered construction of the shell and the tubes, and from the

problems of aligning the tubes during the assembly of the condenser.

The tapered shell-and-tube condenser configuration designed in

this study is illustrated in Figure 22. It is similar in construction

to the constant-diameter configurations except that the cross-

sectional dimensions decrease with length in the direction of the

potassium flow. Both configurations employ the following basic

feature s :

1) The tube bundle is arranged in a hexagonal pattern using

an equilateral triangular pitch.

2) A hexagonal liner is used to direct the shell fluid through

the tube bundle.

S) The shell is attached to the tubesheets through toroidal

expansion joint manifolds.

4) Orifice plates are used to maintain uniform axial flow

through the shell.
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As a result, the flow pattern for the tal_red configuration is
similar to that described above for the constant-diameter

configurations.

The tapered condensers considered in this study were designed

so that cross-section_ dimensions would vary line_rIy with

length. This was accomplished by tal_ring the tubes and shell

according to the following relations

Di tube = Ditube O (1 - 7t[ ) (43)

Di shel/ = Di shell o (I - 7s_ } (44)

where

Di tubeo

Di sheU o

?t

7s

= axial distance measured from the potassium inlet of

the tube

= initial inside diameter of the tube

= initial inside diameter of the shell

= tube taper

= sheU taper

Since the tube diameter and the shell diameter can have differ-

ent tapers, the blockage is not necessarily constant with length,

but varies in a manner dependent upon both the tube and shell

tapers.

In order to provide sufficient spacing,P-D, between the outside

of the tubes so that individual tube-to-tubesheet joints could be

fabricated without difficulty, the following basic rules were

followed:

I) Maximum allowable blockage was 0.5

Z) Tube spacing P-D was constant with length

The first rule is the same as that applied to the constant-diameter

configuration.

The second rule insures adequate spacing to facilitate welding at

the potassium outlet end of the condenser when the blockage is

high at the potassium inlet end.
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In order to meet the requirement that P-D remain constant with

length, 7 t and ms must be related through the equation

/2 _- Bo

7 = 7t

1÷ _

Di tube o

(45)

whe r e

Bo

tw

= initial blockage

= tube wall thickness

This equation can be derived from geometrical considerations

assuming that the tube wall thickness remains constant with

length.

In view of the criteria set forth in the above paragraphs, the

geometrical variables for a tapered configuration are the number

of tubes, the tube inside diameter at the inlet, the tube wall thick-

ness, the tube taper, the initial blockage, and the tube length.

Some of these variables are interrelated and in turn define other

interesting dimensions. The following paragraphs describe li-

mitations selected for these variables in order to limit the

scope of this study.

Knowledge of the desired range for the tube diameter at the exit

and the tube taper can help define the range of the number of

tubes. The inside diameter at" the tube exit should not be greater

than approximately 0.30 inch in order to provide any possible

advantage of flow stability. Also, this dimension should not be

smaller than approximately 0. 180 inch due to welding considera-
tions.

The tube taper should be high enough to provide a substantial dif-

ference between a tapered and a constant-diameter configuration.

However, the tube taper should not be so high as to either cause

tube manufacturing difficulties or cause excessively high mass

velocities in two-phase flow.

With the considerations mentioned above for the limits on tube

exit diameter and tube taper, limits for the number of tubes can

be determined. In order to keep a hexagonal tube pattern, the

number of tubes must be 1, 7, 16, 3V, 61, 91, etc. The constant-
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diameter lithium-cooled des ign configuration contains 91 tubes,

O. 335 inch in inside diameter. It is apparent that use of 91 or more

tapered tubes would mean that the tube diameter at the exit would

be unreasonably small if the tube taper were high enough to make

this type configuration different from the constant-diameter con-

figuration. Even 61 tubes would not provide an adequate differ-
ence. On the other hand 16 or less tubes" would mean that exces-

sive two-phase mass velocities would occur if a reasonably low

tube diameter were provided at the exit. Thus use of 37 tubes pro-

vides a reasonable compromise.

The potassium Mach number at the inlet is defined once the num-

ber of tubes and the inside diameter at the tube inlet are selected.

The maximum Mach number of 0.5 was selected for the constant-

diameter configurations in order to avoid compressibility effects

due to high mass velocities. For a constant-diameter configura-

tion the maximum ratio of local mass velocity to critical mass

velocity occurs at the tube inlet. However, for a tapered con-

figuration with sufficiently high tube tapers an inlet Mach number

of 0.5 would probably cause the two-phase flow mass velocity to

reach the critical mass velocity at some location further down-

stream of the entrance. Therefore, the maximum inlet Mach

number to be studied for the tapered configurations was arbitra-

rily selected as 0.30. With 37 tubes this Mach number results

in a tube diameter at the inlet of 0.7Z inch, which appears to be
a reasonable dimension.

A tube wall thickness of 0. 020 inch was used for the constant-

diameter configuration since the tubes would only be 0.3BS inch

in inside diameter. However, the tapered tubes would be over

twice this diameter at the entrance. Therefore, a tapered tube

wall thickness of 0.035 inch was selected for this study.

A high blockage is desirable to provide high heat transfer coeffi-

cients for the shell fluid. However, the shell fluid pressure loss

increases as the blockage increases. In designing the condenser

the highest blockage that can be obtained without exceeding the

shell fluid pressure loss limits should be used.

1) Lithium-Cooled Configuration - A design study was con-

ducted for the lithium-cooled configuration based on the limits

discussed in the previous paragraphs. Table 5 lists the results

of this study. The first case studied was for a geometry of

B7 tubes, inside diameter of tubes at the inlet 0.68 inch, initial

blockage 0. 500, tube taper 0. 500, and tube wall thickness

0.035 inch. The potassium exit temperature of 1053°F, which
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was set as the criterion for the lithium-cooled constant-diame-

ter configurations, provided a subcooling length of only 0.59

inch. Such a short subcooling length could result in uncon-

densed vapor entering the exit manifold if inadvertent changes

in flow rates or inventory occur. In designing a condenser with

constant cross-section a minimum length can be calculated for

a design and added length provided upon fabrication with no

serious consequences. This is due to the fact that manifolds

and welding dimensions would be unchanged. However, for

tapered configurations there is no design freedom for adding

length. Therefore, sufficient subcooling length is needed be-

fore designing a tapered configuration.

It was apparent in this study that the only way to establish a

sufficient subcooling length and yet maintain the desired cri-

teria was to lower the potassium outlet temperature require-

ments. The tapered geometry for the first cases studied was

used to determine a potassium exit temperature to obtain a

reasonable subcooling length. The results of this study are

shown in Figure 37, and Cases 1-7 of Table 5. Case 7 gave

a reasonably long subcooling length of 3.39 inches as well as a

reasonable inside diameter at the tube exit and pressure losses

for a potassium outlet temperature of 996°F. Additional cases

were run at this potassium outlet temperature with variations

of inside diameter at the tube inlet and tube taper (see Cases

8-15, Table 5). Of the nine cases (7-15) run for this study,

Cases 7, 9, 11, 12, and 14 were within the desired criteria

range. The differences between these five cases were slight

and therefore Case 7 was arbitrarily selected for a design

layout.

Since the tapered lithium-cooled condenser configuration em-

ployed fewer tubes than the constant-diameter configuration,

radial pressr.ure losses were much less severe. It was there-

fore possible to keep the total shell-side pressure loss within

the required 1.2 psi using the maximum initial blockage of

0.5. Consequently, the effects of lower initial blockage on

condenser size and weight were not investigated for the tapered

lithium-cooled condenser. The tapered lithium-cooled con-

denser configuration is shown in Figure 22. The final design

numbers are listed in Table 3. Figures 38 and 39 show varia-

tions of heat transfer coefficient, fluid temperature and

quality with length, for this final design configuration.

In addition to meeting the specified requirements, this design
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was checked to determine whether two-phase flow choking would

occur under the design conditions. Using the methods outlined

in Section III. F. it was found that the local mass velocities

were below the local critical mass velocity at all points in the

condenser. These results are illustrated in Figure 40.

2) NaK-Cooled Configuration - A study was conducted for the

NaK-cooled configuration using 37 tubes and a tube wall thick-

ness of 0. 035 inch. The results of this study are presented in

Table 6. In the first three cases which involved an inside

diameter at the tube inlet of 0.72 inch, a tube taper of 0. 350

and a potassium outlet temperature of 960 °F, initialblockage

was varied as in the case of the NaK-cooled constant-diameter

case. The subcooling length increased as the blockage de-

creased. Also the inside diameter at the tube exit decreased

towards a more desirable value. In Cases 4 through 8, tube

taper and inlet Mach number were varied at an initialblockage

of 0.437 and a potassium outlet temperature of 960°F. Of

these cases, Nos. 5 and8 were the best since the exit diame-

ters were near the desired size and the subcooling lengths were

the longest. Cases 9-14were similar to Cases 3-8 except

that the potassium outlet temperature was set at 950°F. For

this latter set of cases, the subcooling length showed an increase.

Of the fourteen cases tabulated, No. II gave the most desirable

results. This case was selectedto belisted in Table 3 as the

final design. Since the tapered NaK-cooled configuration would

employ the same basic construction features as the tapered

lithium-cooled configuration, a design drawing was not made.

This design was also checked to determine whether two-phase

choking would occur under the design conditions. The results

are illustrated in Figure 41, where the local mass velocities

are seen to be well below the local critical mass velocity at

all points in the condenser.

2. Series and Segmented-Shell Arrangements

Since the series and segmented-shell arrangements are similar

thermodynamically and differ primarily in physical construction,

only the segmented-shell arrangement was analyzed. The design con-

ditions are shown in Table 2.. Each segment is designed to remove

an equal amount of heat from the potassium. As a result, the coolant
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weight flow for any segment is equal to that for a single condenser in

the parallel arrangement, while the potassium weight flow is four

times that for a single condenser in the parallel arrangement. Con-

sequently the segmented condenser requires many more tubes and a

larger shell diameter than condensers in the parallel arrangement.

In order to estimate the size of the segmented-shell condenser, an

analysis was performed on a segment using the log-mean-temperature-

difference method described in Section HI. B. The analysis was based

on the NaK-cooled conditions. The temperature of the condensing po-

tassium was assumed to remain constant at 1175°F and the condensing

heat transfer coefficient was assumed to be 5000 Btu/hr ftZ°F. The

NaK heat transfer coefficient was calculated using the method of Dwyer

described in Section IH. C. Orifice plates were used to maintain

uniform axial flow through the shell. The tubes were spaced so that

the radial pressure drop would be one-tenth of the pressure drop

across the orifice plate.

The analysis was performed for a configuration employing tubes of
3/8 inch outside diameter with 0. 070-inch walls. The results are

tabulated below for inlet Mach numbers of 0. Z0 and 0.40.

Inlet Mach No. No. of Tubes BlockaGe Shell Diameter Tube Length

O. ZO 7Zl O. 325 ZO. O0 inches I. Z5 inches

O. 40 397 O. 38Z 13.29 2.04

The shell has a relatively large diameter while the tube length for a

segment is very short. It would be virtually impossible to design a

condenser segment with these dimensions and yet maintain uniform

axial flow in the shell. The only alternative would be to cool the tubes

using cross flow in the shell. However, due to pressure loss and heat

transfer considerations a cross-flow arrangement would result in a

much larger heat exchanger. For these reasons, it was felt that a

condenser employing a segmented-shell arrangement was not practical

for the design conditions of this study. In addition, since the results

of the above analysis could be applied directly to the series arrange-

ment, it was also felt that the series arrangement was impractical.
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C. Concentric-Tube Condenser

During the course of the condenser design study it was desired to

investigate some type of condenser employing a swirl device in the

condensing flow to remove liquid from the heat transfer surface, thus

thinning the film and increasing the condensing heat transfer coefficient.

Since swirl devices throw the liquid radially outward, the most practi-

cal arrangement was to condense the potassium inside an annular flow

passage where heat would be removed at the inner wall. Such an

arrangement is readily obtained with tv_ concentric tubes to form the

annular passage. Swirl flow can be induced by placing a helical
ribbon between the tubes. Thus heat can be removed at the inner

wall by passing a coolant through the central tube.

In studying this condenser concept, only the lithium-cooled situation

with a parallel condenser arrangement was considered. The series

arrangement was not considered due to the difficulties in manifolding

two-phase flow for this type of condenser. The condenser design

which evolved from this investigation is illustrated in Figure 42. It

consists of a bundle of concentric tubes with manifolding arrangements

to direct the lithium through the central tubes and the potassium

through the annular passages between the outer tubes and the central

tubes. Separate tubesheets are provided at each end for the outer

tubes and the central tubes. The tubesheets at each end are separated

to permit the potassium to flow between them and are connected to

each other through the potassium manifold. The potassium manifolds

are sufficiently flexible to relieve the stresses caused by the differ-

ential in thermal expansion of the central and outer tubes.

Due to higher frictional pressure losses assumed for the swirl flow,

a pressure drop instead of a pressure rise was takenbythe condens-

ing flow through the annular passages. As a result,uniform distribu-

tion of the potassium to all annular passages could be obtained without

using orifices at their exits. Since no orifices were used, the potassium

outlet pipe was sized sufficiently small to restrict the vapor flow rate,

in the event that the heat rejection loop of the condenser failed.

Figure 42 shows that the flow patterns for the concentric-tube con-

denser are considerably different from those of the shell-and-tube

configurations. The potassium enters a large toroidal-shaped mani-
fold from the potassium inlet pipe. This manifold distributes the
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potassium flow uniformly around the circumference of the gap between

the tubesheet for the central tubes and the tubesheet for the outer tubes.

The potassium then flows radially inward between these two tubesheets

and enters the annular passages between the concentric tube sets.

The potassium flows through these annular passages where it is con-

densed and subcooled. Swirl flow is maintained in the annular passages

by the use of helical ribbons. The subcooled potassium leaves the

annular passages and flows radially outward between the two tubesheets

at the potassium outlet end of the condenser. The potassium is then

collected by a toroidal-shaped manifold and leaves through the potassium

exit pipe.

The lithium enters a header from the lithium inlet pipe and is distri-

buted radially by the lithium flow divider. From the header the

lithium enters the central tubes where it cools the condensing potassium.

The lithium is then collected in a second header and leaves through the

lithium exit pipe.

At present there is very little knowledge of the effect of swirlers on

heat transfer and fluid friction for condensing flow. As a result it

is not possible to accurately predict local values of the condensing

heat transfer coefficient, the static pressure, and the temperature

for the potassium flow through the annular passages. It was therefore

necessary to make a number of approximations and use the less rig-

orous log-mean-temperature-difference method to analyze the concentric-

tube condenser. Since the heat transfer process is different for con-

densing flow and single-phase flow, it was necessary to divide the

condenser into a condensing section and a subcooling section which

were analyzed individually by the log-mean-temperature-difference
method.

In analyzing the condensing section the potassium temperature was

assumed to remain constant with length. Equation (10) with a = 1.0

was used to predict the lithium heat transfer coefficient, while the

methods dicussed in Section III. E. were used to predict the frictional

pressure loss for the lithium. The potassium pressure loss was

analyzed using the method outlined in Appendix H. However, the

frictional term in Equation (H1) was arbitrarily multiplied by a factor of

three in an effort to account for the higher frictional pressure loss arising

from the swirl flow. No attempt was made to predict the condensing
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heat transfer coefficient or to relate it to the frictional pressure loss

of the potassium. Instead,values were assumed for an average con-

densing heat transfer coefficient hcond , and the effect of varying

hcond was investigated as part of the parametric study.

In analyzing the subcooling sections,Equation (I0) with a = I. 0 was

used to predict the lithium heat transfer coefficientsswhile a Nusselt

number of 8. Z3 derived for laminar flow through parallel plates with

uniform heat flux at the wall was used to predict the heat transfer

coefficients for the potassium. The methods discussed in Section

III. E. were used to predict the frictional pressure losses for both

fluids. No attempt was made to account for the effects of swirl flow

on heat transfer and fluid friction for the potassium flow through the

subcooling section.

For the condenser as a whole the lithium pressure drop was calculated

as the sum of the tube entrance loss, the condensing section frictional

loss, the subcooling section frictional loss, and the tube exit loss.

The condenser was designed for a lithium pressure loss of I.Z psi.

The potassium pressure drop was calculated as the sum of the various

pressure drops from the potassium inlet pipe and to the potassium

pipe. A design value of O. 540 psi was selected. In order to maintain

a uniform distribution of potassium it was necessary to design the

condenser so that the pressure drop across the annular passages was

greater than any other pressure drops in the potassium flow path.

The pressure drop across the annular passages, including the inlet

and outlet pressure drops, was therefore set equal to 0.440 psi.

In order to size the condenser, a parametric study was performed to

investigate the effect of varying the number of concentric tube sets

and the condensing heat transfer coefficient on condenser size and

weight. The results are illustrated in Figures 43 and 44. In Figures

43 and 44 the inside diameters of the central and outer tubes decrease

as the number of concentric tube sets increases, and are relatively

insensitive to the value assumed for the condensing heat transfer

coefficient. Figures 45 and 46 show that while weight and length also

decrease as the number of concentric tube sets increases, they are

strongly dependent upon the value assumed for the condensing heat

transfer coefficient. .*ks a result, a condensing heat transfer coeffi-

cient of 10,000 Btu/hr ft2°R was assumed since it was felt to be re-

presentative of values that could be obtained with swirl flow.
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In sizing the condenser a large number of concentric tube sets is

desirable to keep size and weight to a minimum. However, as the

number of concentric tube sets increases, the number of tube-to-

tubesheet joints must also increase, thus reducing the reliability.

A configuration employing nineteen concentric tube sets was selected

as a compromise between weight, size, and reliability considerations.

The other components of the potassium flow path were sized to keep

the potassium pressure drop within the specified 0.540 psi. As a

result it was necessary to employ a large potassium inlet pipes a

large potassium inlet manifold, and a wide space between the tube-

sheets at the potassium inlet end, in order to keep the pressure drop

of the incoming potassium vapor to a minimum. The final design

conditions for the concentric-tube condenser are summarized in

Table 3.

D. Comparison of Condenser Configurations

Four different types of condenser design were investigated by means

of a design study:

I) Constant-diameter shell-and-tube configuration with condensing

inside of the tubes,

2) Tapered shell-and-tube configuration with condensing inside

of the tubes,

3) Annular-shell bent-tube configuration with condensing inside

of the tubes, and

4) Concentric-tube configurations with condensing in the annular

pa s sage s.

All four types were investigated with lithium as the coolant while only

the first two types were investigated with NaK as the coolant. All

designs considered the condensers operating in parallel, since series

operation was found to be unfeasible.

The following tables show a relative rating of these different designs

with respect to various considerations based on the results of the design

study of each configuration. In these tables a lower number signifies

better rating.

pAa., .o. 63



PNATT • WHITNIry AINCNAIrT

PWA-2320

Volume I

Design

Lithium-Cooled Configurations

Relative

Accuracy

of Relative

Weight Volume Design Reliability

Ease of Ease of

Mani- Fabri-

folding cation

constant-

diameter 2 2 1 2 1 1

tape red 1 1 2 1 1 2_

annular-sheI1,

bent -tube 4 3 3 3 Z 4

concentric-tube 3 4 4 4 4 4

NaK-Cooled Configurations

constant-

dia me te r 2 2 I 2 I 1

tape re d 1 1 2 1 1 Z

The important design values including total volumes and weights are

listed in Table 3 for each of these configurations. The lengths obtained

for these designs except the two tapered designs were minimum lengths

to achieve the specified thermal design conditions. However, in these

designs with minimal lengths, condensing ends fairly close to the exit

manifolds and in the event of inadvertent changes in flow rate or inven-

tory, the potassium might not be fully condensed at the tube ends. There-

fore, the tube lengths shouldbeincreasedto allow for a safety factor.

An increased length would not affect differential expansion between the

shell and the tube since the tube and shell temperatures would be very

close over the added length. Special consideration was given to the

tapered configurations by decreasing the potassium exit temperature

requirements to increase subcooling length. This was done since mi-

nimal length designs could not be changed later without major changes
in the design of manifolds. However, the tables above account for this

change of thermal design conditions.

E. Design Conclusions

In comparing the different condenser configurations, a number of con-
clusions can be reached:

1) The parallel flow arrangement is the only practical arrange-
raent of the three considered. The condensers for the series and

segmented-shell arrangements are too short to design without
extreme difficulties.
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2) There is apparently no advantage in using either the annular-

shed bent-tube configuration or the concentric tube configuration.

Both configurations are much heavier, occupy more volume, and

are much harder to manifold and fabricate than either tapered or

constant-diameter shell-and-tube lithium-cooled configurations.

In addition, stress calculations showed that it is not necessary

to employ bent tubes in order to relieve thermal stresses for the

design conditions of this study.

3) The tapered designs show advantages over the constant-diameter

design due to weight, size, and reliability. However, the weight

and size advantages are not very great. The possible advantage

of increased stability in condensing flow with tapered tubes is

somewhat doubtful. The main advantage of a tapered design is

therefore that of increased reliability resulting from fewer tube

welds. However, the more difficult fabrication procedure needed

for the tapered case probably offset all of the possible advantages.

The manufacture of tapered tubes, tapered shell, and the difficult

aligning of the tubes in the tubesheet (note in Figure 22 that the

tubes must be canted at the ends in order to have the tubes per-
pendicular to the tubesheets) are some of the difficult fabrication

problems for the tapered design.

4) The NaK-cooled shell-and-tube configurations are heavier and

occupy a larger volume than the corresponding lithium-cooled shell-

and-tube configurations. This is due to the poorer thermodynamic

and heat transfer properties of NaK.

5) On the basis of the factors stated above, the constant-diameter

shell-and-tube condensers operating in parallel are considered to

be the most desirable designs for both NaK-cooled and lithium-

cooled operations.
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V. DIGITAL COMPUTER CONDENSER DESIGN PROGRAM

A. Introduction

The condenser design procedures recommended in Section HI were

programmed for a high speed digital compute r (IBM 7090)% The primargpur-

pose of the program was to calculate condenser tube lengths, pressure
drops, and temperature profiles for shell-and-tube condensers having

liquid metals for both coolant and condensing fluid. The program was

made to assist in sizing condensers for a specific set of design condi-

tions and was not written to obtain the effects of operating a known

condenser at off-design conditions. The program can only handle

cases in which condensation takes place inside the tubes with a single-

pass counterflow coolant arrangement. Other restrictions on the pro-

gram are that the tubes must be arranged in an equilateral triangular

pattern and the condensing fluid cannot be superheated at the condenser

entrance. However, the program is flexible enough to handle either

tapered or constant-diameter tube cases in which the condensing fluid

leaves the condenser as a wet mixture of liquid and vapor, as saturated

liquid, or as subcooled liquid. Also the program offers the option of

calculating condensing heat transfer coefficients either by the Carpenter
and Colburn method or the modified film conduction method described

in Section III. D. When using the second method, there is also a choice

between two different criteria for transition from laminar to turbulent

flow. In addition, provision is made to account for the Schrage effect

described in Section III. D. Condensing heat transfer coefficients which

take this effect into account can be calculated according to Equations

(36) and (40). The term hfilm in Equation (36) can be calculated either

by Equation (31) or by the Carpenter and Colburn method.

The following sections describe the general logic used in the program
and outline the specific calculation procedures used.

B. Program Logic

The main purpose of the program was to calculate lengths of tubes,

pressure drops, and temperature profiles for shell-and-tube conden-

sers. To accomplish this, the main physical dimensions of the

_Copies of a manual describin_ thJ. s computer program, Report NASA
C1_-54252, are on file at the NASAOffice of Scientific and Technical

Information, Washington 25, D. C.
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condenser except for tube length must be known,as well as the overall

quantity of heat to be transferred. In addition, the flow and inlet

thermodynamic state of both fluids must be specified. The necessary

thermal and physical properties of the fluids and structural materials

also must be defined in the form of curves.

The main calculation procedure is essentially an incremental marching

procedure, where the changes across one increment are evaluated to

determine input values to begin calculations for the next increment,

and so on. In performing the program calculations, the condenser is

considered to be comprised of two distinct sections, the condensing

section and the subcooling section, each having a distinct set of equa-

tions. A sketch showing the general arrangement of the condensing

and subcooling sections of a condenser appears in Figure 47. The

condensing section is subdivided into an integral number of increments

having equal quality changes and the subcooling section is subdivided

into an integral number of increments having equal condensate temper-

ature drops.

The calculation procedure starts in the condensing fluid inlet manifold.

A contraction type pressure drop is calculated for the fluid entering

the tube to obtain the pressure at the tube entrance. The computer

continues calculations in a stepwise fashion through both the condensing

and subcooling sections of the tubes to the condensing fluid exit

manifold. An expansion type pressure drop is then calculated from

the tube exit to the exit manifold. The program also calculates expan-

sion and contraction losses for the coolant at the inlet and outlet regions.

FiEure 48 shows the notation used for each increment in the condenser

core. At the beginning of an increment, Station I, the condensing fluid

enters and the coolant leaves. At the end of an increment, Station II,

the coolant enters and the condensing fluid leaves.

The length of an increment is first calculated and then the pressure

drop and inventory of that increment are determined. Calculation of

incremental length is dependent upon values of fluid temperature,

fluid properties, heat transfer coefficient, and tube dimensions along

the increment. The temperatures at the inlet and exit of each sub-

cooling section increment are easily evaluated since the increments

are divided in equal condensate temperature drops, and coolant
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temperature can be evaluated from a heat balance. The fluid proper-

ties are evaluated as a function of temperature from input curves.

In calculation of local quantities such as heat transfer coefficient,

local property values were used. In calculations of overall increment

quantities, such as coolant temperature change, average property

values were used. For condensing section increments the problem is

more complex since temperature and pressure of the condensing fluid

are mutually dependent. The present program avoids this problem

mathematically by assuming condensing fluid pressure and tempera-
ture to be constant across each increment. The deviations caused by

thi+_ assumption are small if the number of increments chosen is

sufficiently large. The program calculates heat transfer coefficients

only at the two end points of an increment, and uses averaging techniques

which are discussed in detail later, to determine increment length.

The tube and shell diameters used in the calculation procedure for a

constant-diameter condenser are input items. However, these dia-

meters vary with length for a tapered condenser. Therefore, both
the shell and tube diameters at the inlet of the first increment and the

rate of taper are input values for a tapered condenser, but tube length
and tube exit diameter are not. Since the tube and shell diameters

at the exit of the first increment and the length of the first increment

are mutually dependent,the program undergoes an iterative procedure
to determine these dimensions. The tube and shell diameters at the

exit of the first increment are used as the tube and shell diameters

at the inlet of the next increment. This iteration procedure continues

for all increments. Since an iterative procedure is required for

tapered condensers and not for constant-diameter condensers, two

separate logical paths are used in the program for these two cases.

The calculation to determine pressure drop and inventory are straight-

forward and do not require any iteration.

The next sections describe the calculation procedure along an incre-

ment in more detail for the computer paths of both constant-diameter

and tapered condensers.

1. Constant-Diameter Case

The calculation procedures for the condensing section and the subcooling

section are discussed separately.
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a. Condensing Section

The program calculates the length, the temperature change, and

pressure drop of both the coolant and the condensing fluid as well

as the condensing fluid liquid and vapor inventory, for each con-

densing section increment. The quality decrement Ax across

each increment is equal to the difference between the condensing

section inlet quality Xin and the condensing section exit quality

Xou t divided by the arbitrarily chosen number of condensing section
increments Icond

Xin ° Xou t
_x =

Icond

When performing calculations for a condensing section increment
the following items are known:

PcondI, Tcondi, Tcooli, Wcond, Wcool, x I, xII

The sequence of calculations performed for each condensing section
increment is:

StepI - Calculate the coolant temperature at the increment

exit Tcoolii from a heat balance across the increment, assuming

that the coolant specific heat Cp cool and latent heat of vapori-
zation of the condensing fluid X are constant within the increment.

Ocond = Qcool

which can be expressed as

Wcond X Ax = Wcool Cpcoo 1 (Tcool I _ Tcoolli)

or

Tcoolii = Tcool I
Wcond X A X

Wcool Cpcool

Step II - Calculate a local condensing heat transfer coefficient

hcond, at both the entrance and exit of the increment in accordance
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with one of the methods described in Section HI.D. The calcu-

lation for condensing coefficients is a complete subroutine of

the program and can be replaced easily in the event a better
method is found.

The condensate film thickness is a byproduct of the heat transfer

coefficient calculation and is stored for the inventory calculations

performed in a later step.

Step ILI- Evaluate a mean thermal conductivity of the tube wall

ktw-

Step IV- Calculate a local heat transfer coefficient of the coolant

hcool at both the entrance and exit of the increment using

Equation (16}or (17). This calculation is a complete subroutine

of the program.

- Calculate a local overall heat transfer coefficient U o
at both the increment end points from the following equation

D O D O In (Do/Di) 1
+ +

D i hcond 2 ktw hcool

Step VI - Calculate the increment heat transfer area based on

tube outside diameter from the following equation

A

Oln(O°, TII)
Uoii ATI

Uoi ATII - Uoi I AT I

whe re

AT I = Tcond I _ Tcool I

ATII = TcondLi - Tcoolii

Q = The heat lost by the condensing fluid across
the increment

= Wcond _ Ax

This equation assumes a linear variation of U with length.
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Step VII - Calculate the incremental length £_needed to satisfy

the heat transfer area requirements _rom the _ollowing equation

rDoN _ =A

where

N = number of condenser tubes

Step VIII - Calculate the condensing fluid static pressure drop

and total pressure drop across the increment using the two-phase

flow pressure drop equations described in Appendix H. This

calculation is a complete subroutine of the program.

Step IX - Calculate the coolant total pressure loss across the

increment using the methods described in Section I/I.E.

Step X - Calculate the condensing fluid inventory assuming that

the liquid forms an annular film with a linearly varying thickness

(see sketch below). The vapor in an increment is thus considered

to be contained in a truncated cone.

r2

STATION 'r STATION 1"I'

The film thicknesses at Stations I and II were obtained in Step II

and are subtracted from the tube inside radius r_ to obtain r_ .

The ratio of vapor-core diameter to tube inside diameter 8 is
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calculated at both the entrance and exit of each increment by the

subroutine which calculates the condensing heat transfer coeffi-

cients. The tube vapor inventory is the product of the volume of

each truncated cone, the number of tubes, and the vapor density.

W G =N ,ooV G = N PG h_ T 21Z Di [ #; + #1811 + 011 ]

Step XI - Calculate the condensate inventory in an increment from

W 2 2 2

WL =N PL (Vtube -'_)=N OL -_--AJ_D i [3-( 01 + #LOIi ÷ OH)]

This equation subtracts the total vapor volume of the condensing

fluid from the total volume inside the tubes for the increment to

obtain the liquid volume, and then multiplies this value by the con-

densate density.

At this point, all calculations have been completed for the incre-

ment under consideration. Prior to indexing to the next increment,
the fluid conditions must be evaluated at the inlet of the next

increment.

Step XlI - The static pressure at the entrance of the next incre-

ment is equal to that of the previous increment minus the static

pressure drop across the previous increment.

Step Xlll - The corresponding saturation temperature Tcond I of
the condensing fluid in the succeeding increment is evaluated

from the input curve of saturation temperature vs vapor pressure.

Step XIV - The quality of the condensing fluid and the coolant tem-

perature at the entrance of the succeeding increment are set equal

to their respective values at the exit of the preceding increment.

The quality of the condensing fluid is considered to be unaffected

by the pressure drop through the condensing section. This

assumption causes insignificant error if the static pressure drop

across the condensing section is small relative to the pressure

level.

Steps I through XIV are repeated for each successive increment.

Upon completion of these calculations on all N condensing section
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increments, the program proceeds to perform calculations on the

subcooling section. However, if the input exit quality of the con-

densing section is greater than zero, the program ignores the sub-

cooling section and proceeds to the final summation routine.

b. Subcooling Section

The program calculates the length, temperature of both fluids, and

pressure drops of both fluids for each of the arbitrarily chosen

number of subcooling section increments M.

The condensate and coolant conditions at the entrance of the first

subcooling section increment are equal to the corresponding values

at the exit of the last condensing section increment, and the exit

temperature of the condensate leaving the condenser is an input

item. Thus the overall condensate temperature change can be deter-

mined as well as the equal decrements of condensate temperature

drop ATcond across each subcooling section increment.

When performing calculations for a subcooling section increment,

the following is known data:

Tcondl, Tcondll, Tcooll, Wcond, Wcool

The subcooling section calculations are performed in the following

order:

StepI - Calculate the coolant temperature at the increment exit

TcoolII from a heat balance across the increment

Qcond = Qcool

This can be expressed as:

Wcond Cp (Tcond I - TcondH) = Wcool Cpcoo I (Tcool I -Tcoolll )

or

Tcool H = Tcool I -
Wcond Cpggr_d (Tc°ndI - Tc°ndII)

Wcool Cpcool
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Step H - Calculate tube fluid Reynolds numbers at both the
entrance and exit of the increment. If the local tube fluid

Reynolds number is less than or equal to 2300 the flow is con-

sidered to be laminar. If it is greater than 2300, the flow is

considered to be turbttlent. The Reynolds number is equal to

4 Wcond/r D i # N.

Step IIa - Calculate a local condensate heat transfer coefficient,

hcond, at both the entrance and exit of the increment using the

appropriate one of the following equations:

kcond
hcond = 4.36

hcond = (7.2 +0.025 Pe °'s)

for laminar flow

k_ond for turbulent flow
Vi

where Pe denotes the Peclet number (see Section ILl. D. for

detailed discussion of condensate heat transfer coefficients).

Step Ill - Evaluate a mean thermal conductivity of the tube wall

ktw .

Step IV - Calculate the local heat transfer coefficient of the

coolant hcool, at both the entrance and exit of the increment,

using Equations (16) and (17). This calculation is a complete

subroutine of the program.

Ste_ - Calculate the local overall heat transfer coefficients

U o at both the increment entrance and exit from the following

equation

UO _-_

D O Doln 1
+ +

Dihcond 2 ktw hcool

Step VI - Calculate the increment heat transfer area based on

tube outside diameter from the following equation

A..

Q1n(U°I
\ Uol I A T I

Uo I ATLI - UoH ATI
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whe re

AT I = Tcond I - Tcool I

ATII = Tcondii " TcoolIi

Q = heat lost by the condensate across the increments

= Wcond (Cp AT) cond

This equation which is discussed in detail in Section II is based

on the assumption that Uo varies linearly with AT.

Step VII - Calculate the incremental length A2 from

N Do.r A_ = A

whe re

N = number of condenser tubes

Step VIII - Calculate the condensate total pressure loss across

the increment using the method described in Section III. E.

Step IX - Calculate the coolant pressure loss across the incre-

ment using the methods described in Section III. E.

Step X - Complete the calculations for the increment under con-

sideration. The condensate ard coolant temperatures at the

entrance of the next increment are set equal to the respective

values at the exit of the increment just described.

S_eps I through X are repeated for each successive increment.

Upon performing these calculations on all M subcooling section

increments, the program proceeds to the final summation equations.

c. Final Summation

Upon completion of the calculations for each increment in the con-

densing and subcooling sections, the program calculates the total

tube length by performing a summation of all incremental lengths.
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Total pressure drops for both the coolant and condensing fluids are

calculated by adding all of the incremental pressure drops and the

expansion and contraction pressure drops. Section Ill. E. describes

the methods used to obtain contraction and expansion losses.

The program also calculates the weights of condensate in the sub-

cooling section, the coolant, tube wail, shell wall, and tubesheet.

These values are added to the sum of the weights of the tube fluid

in the condensing section. Weights of the manifolds and the other

miscellaneous items are not calculated by the computer and must

be calculated separately to obtain total condenser weight.

2. Tapered Case

The calculation procedures outlined for the constant-diameter case

apply in general to the tapered case. However, some equations were

modified to account for variation of tube and shell dimensions with

length for the tapered case. Since this case requires an iterative

procedure, a method of starting the procedure was also required.

The modifications to the equations for the constant-diameter case and

the iteration procedure are discussed in this section.

a. Iteration Procedure

In order to calculate the length of an increment, the program cal-

culates local values of heat transfer coefficient at both end points

of an increment. This calculation requires knowledge of the tube

and shell diameters and coolant flow area at both points. For a

tapered case, the dimensions at the beginning of an increment

would be known either from the calculations from the preceding

increment or would be input items for the first increment. However,

the dimensions at the end of the increment are dependent upon the

length of the increment. The program starts the calculation pro-

cedure by assuming the dimensions at the end of the increment

are the same as those of the beginning of the increment. The

program continues the procedure and calculates a length of the

increment. Dimensions at the end of the increment can then be

determined from this value of length. The sketch shown below

illustrates how the tube diameter at the exit of an increment is

determined from the incremental length.
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/ beginning of tube

increment

DI= diameter of beginning of tube
( input item)

diameter at end of increment

length from beginning of tube

to beginning of increment

length of increment

fractional decrease in tube

diameter per unit length based

on tube inlet diameter ( input item)

D :D I [ I - _.f(_ + A_)]

The newer values of dimensions at the end of the increment are

used in turn to calculate a more accurate value of incremental

length, and so on, until the difference between two successive

values of incremental length is within a specified relative tolerance.

Convergence of this iteration process is obtained in a few steps by

use of a point slope iteration routine. Then the program continues

to calculate pressure drops and inventories for that increment before

proceeding to the next increment.

b. Zciuations

Step II of the calculation procedure for both condensing and sub-

cooling section increments for a constant-diameter case calculated
overall heat transfer coefficients based on the outside diameter of

the tubes. For the tapered case the overall heat transfer coeffi-

cient| are based on the inside diameter of the tubes.

The modifications to other equations used to obtain a value of incre-

mental length are complex and are discussed in detail in Appendix F.

The equations for calculating fluid inventory are modified slightly

to account for variation of diameter with length.

Condensing fluid momentum differentials

increment are based on the local diameters at the beginning and

end of the increment. The friction drop calculations across an

increment consider the increment to have a constant diameter,

namely, that at the midpoint of the increment. The calculation

to determine the static pressure differential for an increment

also included the effect of the wall force due to change of cross-

sectional area, All other calculations are essentially the same

for the tapered case as for the constant-diameter case.

across a condensing section
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APPENDIX A

Materials and Fabrication

Columbium-l% zirconium was chosen as the best available material

for fabricating the liquid metal condenser. This material has good

corrosion resistance to all the liquid metals studied, high strength at

elevated temperature s, and good machinability.

Cb-1% Zr was determined to be the most suitable material as a result

of a study made of various materials and fabrication techniques for

application over a temperature range from 1200 to Z200°F in the pres-

ence of lithium, potassium, sodium, and the eutectic mixture of po-

tassium and sodium, NaK. The high temperatures encountered in

liquid metal condensers and the corrosive nature of liquid metals im-

pose stringent requirements on any material or fabrication technique

to be used in the construction of such devices. At high temperatures,

many materials have relatively low yield and ultimate strength, high

creep rate, or low corrosion resistance. These factors coupled with

a 10,000-hour desired life and the high stresses due to differential

thermal expansion eliminated many materials as candidates for the

applications under study. Also, due to the need for a leakproof system,

the metal joints must have a high reliability. The topics covered in

this study are corrosion resistance of metals, physical properties of

the better materials, and metal-joining techniques.

A. Corrosion by Liquid Metals

Corrosion of a material in contact with a liquid metal can occur by

different mechanisms. For a system containing a pure solid metal in

contact with a liquid metal, the following modes of corrosion are pos-
sible A, .

1) Solution of solid metal into the liquid metal by uniform solu-

tion or intergranular penetration,

Z) Intergranular or uniform diffusion of the liquid metal into the

solid metal lattice,

3) Formation of an intermetallic compound at the solid-liquid
inte trace, and

*' Numbered references for this appendix are listed on page A24
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4) Mass transfer due to temperature or composition gradient

within the system.

In addition, corrosion may occur in systems containing alloys by the

leaching of a constituent from the alloy surface due to selective solu-

tion. The result may be phase transformations of the material struc-

ture or formation of subsurface voids.

The principal parameters influencing corrosion in a liquid metal sys-

tem are: temperature level, temperature gradient, extent of thermal

cycling, internal surface area-to-volume ratio, purity of solid and

liquid metals, flow velocity of the liquid metals, and number of differ-

ent structural materials in contact with the liquid metal. Temperature

is the most influential of these parameters since increasing temperature

increases the solubility of solid metal in liquid metal, the diffusion rate

of the liquid metal into the wall materials, and the rate of formation of

intermetallic compounds at the solid-liquid interface. Thermal cycling

due to either fluid temperature fluctuation or transient temperature

changes during starting can also accelerate the rate of corrosive attack.

The greater quantity of container material dissolved at high tempera-

tures may result in a supersaturated liquid during the low temperature

part of a cycle. The excess metal may subsequently precipitate in the

liquid or deposit on the container walls. This phenomenon also can re-

sult from temperature gradients within a loop. The liquid metal can

dissolve solid metal from the hotter portion of the system and deposit

it in the cooler portion of the system.

Many investigators have found that the purity of the liquid metals is an

important factor in corrosion. The oxygen and nitrogen levels of the

liquid metals should be maintained at the lowest possible levels. Also

hot traps should be included in all liquid metal loops which operate above

1500°F to prevent mass transfer and carburization (when applicable)

in cold-leg portions of the loop. Such traps can be made using zirconium,

Cb-l_ Zr, or titanium chips to getter any carbon, oxygen, or nitrogen

leached from the structural material. This practice prevents the get-

tered elements from being deposited in the colder sections of the loop

and embrittling the structural material A2 .

The number of different materials in contact with the liquid metal with-

in a system is a factor in determining the type and rate of corrosion.

Mass transfer can occur under isothermal conditions due to composi-

tion gradients.
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The flow velocity or Reynolds number is important in mass transfer

for forced convection systems since increased flow velocity increases

the diffusion rate of wall materials dissolved in the liquid metal.

Technique s used by the diffe rent investigator s for determining corro-

sion of metal in liquid metals can be divided into the general classifi-

cations of static and dynamic tests, A3 In static tests, the specimen is

contained in a chamber of the same material (two-component system),

or a different material (three-component system) filled with liquid

metal. For a two-component system test, the specimen may be the

chamber itself. Dynamic tests include a relative movement of liquid

metal with respect to the specimen. This can be accomplished either

by agitating the liquid or by maintaining a flowing current of liquid metal

by forced or free convection in a circuit (loop test). A temperature

gradient is normally maintained between sections of the loop. Due to

the close simulation of actual operating conditions, data generated from
loop tests are most reliable.

The following three sections contain a discussion of the compatibility of

the several liquid metals with various structural materials.

1. Lithium Compatibility

Of all the liquid metals studied, lithium is considered the most corro-

sive to most of the structural materials A, Contamination by nitrogen,

oxygen, or hydrogen dissolved in lithium presents some problems in

interpreting test results, since there is very little information on the

effects of these elements.

Over the entire temperature range from 1200 to 1500"F, the only ma-

terials known to be suitable for containment of pure lithium are: pure

iron, chromium, Types 316, 347, and 430 stainless steels, and the

refractory metals columbium, molybdenum, tantalum, tungsten, zir-

conium, titanium and rhenium, and some refractory alloys such as

columbium-1 per cent zirconium and molybdenum-0.5 per cent tita-
nium A,, $. 6, 7.

The nickel-base alloys Inconel, Inconel X, Nichrome 5, Monel, Has-

telloy B, and Hastelloy C, plus the cobalt-base alloy L605 are all

severely attacked at a temperature of 1500°F in static tests A7 Day and

Brasunas Aa also found that L605 alloy was subject to pronounced fnter -_

granular attack and mass transfer in loop tests at 1500"F.

PA_'_ No. A4
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Even those materials considered suitable over the temperature range
from 1200 to ISO0*F showed some amounts of corrosion, At close to

1500°F, zirconium is subjected to uniform solution due to mass trans-

fer in a three-component static system ,7 In austenitic stainless steels

such as Type 316, lithium selectively leaches nickel from the surface

in the areas adjacent to the grain boundaries with the subsequent trans-

formation of these areas to ferrite. This leaching action leads to in-

tergranular attack and void formation at the surface *" .

The refractory metals molybdenum, columbium, rhenium, tantalum,

zirconium, and the refractory alloys Mo-0.5_/0 Ti and Cb-l% Zr are

the only materials reported that could be considered to have suitable

corrosion resistance at temperatures up to 1832°F for even short

periods. Cunningham ,9 investigated the corrosion resistance of the

refractory metals chromium, columbium, molybdenum, vanadium,

tantalum, and tungsten at 1832"F in static tests. Arc-melted chro-

mium is subject to solution attack and intergranular penetration. Co-

lumbium and tantalum have good resistance to lithium at 1832°F for as

long as 400 hours. However, continuous carbide films were reported

to be present after 400 hours _ exposure. Molybdenum showed resistance

to lithium for only 4 hours _exposure. Longer exposures resulted in

greater amounts of solution and mass transfer of molybdenum to the

capsule wall. Tungsten resists the corrosive effects of lithium for

only short periods at 1832°F. Vanadium does not have outstanding re-

sistance to lithium at 1832"F.

Rhenium has not been extensively investigated and available data is

insufficient to be used for design criteria. However. static tests at

IS00°F showed no corrosion of rhenium in lithium ,7

Other investigators rated molybdenum as having good corrosion charac-

teristics at temperatures of 1832°F in both static and dynamic tests AS

At 1832"F graphite-melted zirconium had good corrosion resistance

to lithium in static tests A, •

Pratt & Whitney Aircraft has accumulated more than 4000 hours of

operation on a test loop constructed of Cb-l% Zr containing lithium.

The thermal and flow conditions were realistic for an actual SMW

powerplant operation with lithium temperatures as high as 2000°F ,_0

PAGZNo. AS
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Po_ssttim is also relay corroNive to structural materials at elevated

tem_raturea. Ni_merous investigators have tested materials in con-

tact with potassium under various conditions. Some of the more per-
ttt_nt l'esultJ o[ theJe tests are discussed in this section.

i_iot_man A,t investigated the behavior of Type 316 stainless steel while

containing potassium at i600'1 e [or 3,000 hours in a dynamic system.

The sample showed uniform attack to a depth of g mils with no detri-

memal effects on the mechanical properties o[ the alloy, However,

extensive mass transfer of carbon and chromium carbide (errs C6 )
occurred,

Potassium has a high affinity for carbon and will leach out carbon and

carbides from an alloy. Therefore, stainless steels cannot be used

for e_ttenslve durations at temperatures over 1_00 SF,

Rovacevick _ti found that at a temperature of 1800"F intergranuiar pene-

t_ation o[ HaSteiioy X tubing proceeded to a depth of 4 mils with

heavy surface roughenlngj and nickel deposits were observed in the

cold leg of the loop. ff4nce nickel is also readily attacked by potas-

attimj nickel-base alloys can be used only for short durations at 1S00"_'.

investigated L 60S {Haynes alloy No. 25) in a potassium ther-

mal loop at i8_0"F for 1,000 hours. He found excellent resistance to

both uniform Surface attack and intergranular attack, However, he

did observe an internal transformation (aging reaction) which decreased

room temperature ductility,

Kovacevlck A_i found the refractory alloys Mo-0. S% Ti and Cb- 1% Zr

had eJtcellent corrosion resistance to potassium under a static test

condition of 1800*F, Chandler A*3 found that Cb-i_e Zr alloy in static

tests at _.100*F for 100 hours showed rio evidence of a reaction layer,

intergranttlar l_netration, or other corrosion.

The l_ocketdyne Division of North American Aviation A_, _,, _5 has tested

refractories and refractory alloys with these results: 1} Columblum and

Cb-i_0 Zr when coupled with nickel_base alloys in static tests above

14_0'_ wili corrode rapidly and form a film of columbtum nitride and

columbium carbide on the eolumbium surface. In additton_ the potas*

slum decarburi_ed the nickei_base alloys and carburized the columbium

alloys, Z) When there are no nlckel_base alloys in the system, both

coiumbium and Cb_l% Zr alloy show no corrosion at temperatures up

to _000'_', 3) Dynamic tests at i800*F indicate that materials in order



PRATT Ik WHITNEY AIIqCI_AIS'T PWA-2320

Volume 1

of favorable corrosion resistance are molybdenum, Cb-l_ Zr, colum-

bium, and tantalum. North American Aviation has also conducted

static tests on molybdenum and columbium-base alloys in Cb-l_ Zr

capsules with temperatures as high as 2200"F. Materials tested in-

cluded F-48 (15_ W-5% Mo-l_ Zr - balance Cb), FS alloy 83 (33_ Ta -

• 75_ Zr - balance Cb), and TZC (1.26_ Ti-. 29_ Zr-. 3_ C - balance

iVlo). These specimens showed no reaction layer and small weight

changes after 140 hours of testing A16.

Semmel et al _17 reported on a technique for hightemperature brazing.

Mo-0.5% Ti and L 605 were brazed with braze alloy H-33 (or J-8400)

using a tongue-and-groove joint. H-33 is a cobalt base alloy which has

the composition 21% Cr - 21% Ni - 8°I0 Si - 3.5_ W - 0.4% C - 0.8_ B -

balance Co. The brazed joint was exposed to potassium at 1850"F for

100 hours and showed no corrosion effects. Thermal cycling tests

between 400*F and 1850"F for 250 hours indicated some cracking along

the external surface, but the joint remained helium leak-tight.

The General Electric Company A1a is investigating the strength, fabri-

cation techniques, and corrosion resistance to potassium of some co-

lumbium-base alloys. The work is in the early stages. The National

Aeronautics and Space Administration AI_ is screening a number of

refractory alloys for alkali metal containment from 1800"Fto 2400"F.

Included in these plans are static corrosion tests on Fansteel FS-85,

Westinghouse B-33 and B-66, General Electric AS-55, and DuPont

X-If0, using potassium as the test fluid.

In summary the following materials are resistant to potassium corro-

sion for long durations:

l) The refractory metals molybdenum, columbium, tantalum,

and tungsten up to a temperature of Z000*F,

2) The refractory base alloys Cb-1% Zr and Mo-0.5_ Ti up to a

temperature of 2000"F, and

3) The cobalt-base alloy Haynes L 605 up to a temperature of

1800 *F.

Several other refractory-base alloys are presently being investigated,

some of which may be found suitable for long duration, high temperature

applications.

Stainless steels can be used up to 1500*F for moderate lengths of time.

Also, the braze alloy H-33 has suitable corrosion resistance to potas-

I'AOt ,0, AT
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slum at 1850"F for limited time exposure, and might be practical for
long periods at 1500*F.

3. Sodium and NaK Compatibility

Many of the common structural materials have been found suitable for

use with sodium and NaK at high temperature. The austenitic stainless

steels, cobalt-base alloys, and nickel-base alloys are among the ma-

terials with good corrosion resistance. Columbium, molybdenum,
tantalum, tungsten, and chromium are suitable for use with sodium and

NaK up to 1690"F ,20.

Tables A1 and A2 summarize dynamic testing conducted by Perlow and

Crosby A21 In general, molybdenum, Hastelloy N, Hastelloy C, Inconel X,

TABLE A 1

lZ00"F NaK Corrosion Data (Ref. A18)

Duration

Spe cime n (hr s)

Stainless Steel 1500

304 2500

3500

45 00

Stainless Steel ( I000

316 1 Z000
3000

Stainless Steel | 1500

347 ] 25003500

4500

Hastelloy N | 1500
2500

3500

4500

C olumbium* I 1000

• This specimen at 1300"F

Type and Rate of Attack

0. 0025-in.

0. 0010-in.

0. 0007-in.

0. 0020-in.

0. 0019-in.

0. 0020-in.

No apparent attack

0. 0014-in. intergranular corrosion

Evidence of general corrosion

0. 0015-in. pitting

0. 0026-in. general corrosion

intergranular corrosion

general corrosion

intergranular corrosion

general corrosion

inte rgranular corrosion

pitting

Slight evidence of general corrosion

No apparent attack

No apparent attack

0. 0014-in. intergranular corrosion

No evidence of intergranular attack or

general corrosion

PA_EHO. A8
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TABLE A2

1400"F NaK Corrosion Data (Ref. AI8)

Specimen

Stainless Steel

304

Stainle s s Stee 1

316

Stainless Steel

347

Hastelloy N

Haynes 25

Molybdenum

lnconel X

Hastelloy C

Duration

,(hrs)

1500

2500

3500
4500

1000

2000
3000
1500

25 O03500

4500

1500

2500
3500

4500

I lO00

2000
3000

lO002000

3000

lO002000

3000

10002000

,TTpe and Rate of Attack

No apparent attack, slight evidence of
de carburization

0. 0014-in. pitting

0. 0013-in. intergranular corrosion
0. 0023-in. decarburization

Slight evidence of general corrosion
0. 0004-in. decarburization

0. 0008-in. decarburization

0. 0006-in. intergranular corrosion

0. 0004-in. pitting

General corrosion to a depth of 0. 0006 in.

0. 0025-in. decarburization

Slight evidence of intergranular attack

General corrosion to a depth of 0.0005 in.

No apparent attack

Very slight surface attack

0. 000Z-in. pitting

Very slight evidence of general corrosion
0. 001 l-in. decarburization

No apparent attack

No apparent attack

Slight pitting, no depth

No apparent attack

Very slight general corrosion

Very'slight pitting, no depth

0. 0010-in. pitting
0.0017-in. de carburization

pA=,,,o. A9
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and Haynes Z5 (L 605) showed good corrosion resistance to NaK at

1200 and 1400°F for long durations, while stainless steel Types 304,

316, and 347 showed moderately good resistance at these temperatures.
Columbium showed excellent resistance to NaK at 1300°F for 1000hours.

Perlow and Page A22 conducted NaIK dynamic corrosion tests on Type 316

stainless steel, Hastelloy N, Hastelloy C, and Haynes Z5 (L 605) at

temperatures of 1200 and 1400*F for a continuous test exposure of 5000

hours with the tests interrupted at specified intervals for metallographic

examinations. In general, more corrosion was found on the specimens

from the interrupted tests than the specimens from the continuous tests.

The four materials tested showed only slight corrosion effects for 5000-

hour continuous operation at 1400°F.

Simons A23 reported that molybdenum, columbium, rhenium, tantalum,

vanadium, tungsten, zirconium, Hastelloy B, Inconel X, Kanthal,

Stellite 6, and Thermenol suffered less than l-rail penetration in a

screening test with NaKat 1600*F. The test was for 5000 cycles in
110 hour s.

Teitel A,, reported that a sodium boiling loop operating at temperatures

up to 1860°F indicated no corrosion on Haynes Z5 (L 605), 321 stain-

less steel, Inconel, and molybdenum.

North American Aviation .2, reported on sodium static corrosion tests

conducted at 1652°F for 168 hours. Materials in order of decreasing

resistance to corrosion are molybdenum, tungsten, Type 347 stainless

steel, L 605, tantalum, Kennametal- 138A, and titanium. All of these

materials showed at least good corrosion resistance to sodium.

Brasunas A_5 conducted static capsule tests of various materials in

sodium at 1832*F for 40 to 400 hours. Austenitic stainless steels,

chromium, molybdenum, tantalum, tungsten, titanium, cobalt, and

Inconel had good corrosion resistance under these conditions, while

nickel had excellent resistance. Inconel X was found to have some-

PAGe NO. A 10
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what less than good resistance to sodium. Columbium was found very

sensitive to the oxygen level in sodium or NaK.

Semmel A26 reported on 300-hour static corrosion tests with sodium at

1700"F for F-48 columbium alloy and Nio-.5_. Zr alloy. The most

serious evidence of corrosion was pitting along one of the edges of an

F-48 specimen. Other F-48 specimens did not exhibit this pitting.

Brookhaven National Laboratory A2z has run a Cb-1% Zr capsule for

720 hours at 2Z00"F which indicated that the alloy has good corrosion
resistance to sodium.

In summary, the materials which were compatible with potassium are

compatible with sodium and NaK. Other materials including nickel and

nickel base alloys which are not compatible with potassium are compa-

tible with sodium and NaK. However, in a potassium condenser cooled

by sodium or NaK it would be impractical to have a dual alloy system

by cladding tubes, due to fabricating difficulties and differential ther-

mal expansion.

B. Properties of Candidate Materials

The nonrefractory metals which were determined to be suitable in the

temperature range of 1200 - 1500"F are conventional structural ma-

terials and thus properties of the se materials are readily available.

Cb-l% Zr and M0-.5% Ti are presently the most suitable refractory-

base structural materials for use with liquid metals at high test tem-

peratures for long durations. The pure refractory metals which were

suitable for long durations at high temperatures do not have as high

strength characteristics as either Cb-l% Zr or Mo-.5% Ti. The

following section contains curves and tables of the more pertinent prop-

erties of these two materials and their unalloyed base metals. Some

properties were not available for all of these materials. Other prop-

erties are contained in References AZ8 to _.47.

Table A3 contains the densities at 70"F and melting temperatures for

Cb-l% Zr, Mo-.5% Ti and their base metals A2, •

PAGK.O. All
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TABLE A3

Density and Melting Temperature of

Candidate Materials (Ref. AZ8)

Material Density (lbs/in s) Meltin_ Temperature ("F)

Molybdenum .37 4730

Mo-.5% Ti .369 4750

C olumbium .31 4474

Cb-l% Zr .31 4350

Figure A1 shows thermal conductivity as a function of temperature for

molybdenum, columbium. Mo-.5% Ti and Cb-l% Zr ,,9, 3o. sl Figure

AZ shows specific heat as a function of temperature for the two pure

refractory metals ,s2 Specific heat data is not available for Cb-l% Zr

and Mo-.5% Ti. However, specific heats are expected to be similar

for the alloys and pure metals.

Table A4 contains mean coefficients of thermal expansion for molyb-

denum, Mo-.5% Ti, and columbium over various temperature ranges A30. s, -32

Table A5 contains modulus of elasticity data for molybdenum, Mo-.5% Ti,

annealed columbium, and re crystallized Cb-l% Zr A2,. 34. ss, s6

Table A6 contains values of tensile strength and yield strength for

columbium and recrystallized Cb-1% Zr at various temperatures A28, s6.

Comparative curves of ultimate strength and yield strength as a function

of temperature are shown in Figures A3 and A4 respectively for molyb-
denum and Mo-.5% Ti As, Vacuum conditions were used for these last

two curves on wrought, stress-relieved material. These curves and

tables indicate that alloyed materials are stronger than pure metals.

Figure A5 contains curves of stress to rupture and elongation as a

function of time for 1600°F, 1800"F, and Z000*F for the Mo-.5% Ti

alloy A3z. However, the data does not extend to the desired 10,000 hours'
duration.

_A_E.O. AIZ
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TABLE A4

Mean Coefficient of Thermal Expansion

Molybdenum (Ref. A 32)

Temperature Range ("F)

68-300

68-600

68-900

68-1200

68-1500

68-1800

68-2100

68-2400

68-2700

68-2900

68-3000

Mean Coefficient of

Thermal Expansion (in/in. per *F)

3.02 x 10 -6

Z. 89

2.88

2.98
3.08

3.23

3.3?

3.49

3.61

3.70

3.75 (Extrapolated)

Mo-0.5% Ti (Ref. A30, 32)

Temperature Range ('F)

68-212

68-392

68-572

68-752

68-932

68-1112

68-1292

68-1472

68-1652

68-1832

Thermal Expansion (in/in. per "F)

3.06 x I0 -_

3.06

3.09
3.14

3.19

3.24

3.28

3.32

3.36

3.41

Columbium (Ref. A33)

Temperature Ranse ('F)

70-570

70-750

70-930

70-1110

70-1290

70-1470

70-1650

70-1830

ThermalExpansion (in/in. per "F)

4.06 x I0 -6

4.10

4.15

4.20

4.24

4.29
4.33

4.38

,AO,.O. A14
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TABLE A5

Modulus of Elasticity for Molybdenum

and Mo-.5% Ti (Ref. A34)

Temperature Modulus of Elasticity for Modulus of Elasticity for

("F) Molybdenum Mo-. 5% Ti

70 40.8x 10 6 psi 37.1 x 10 6 psi

400 35.1 36.5

600 36.1 38.5

800 34.9 33.5

1000 31.0 33.7

1200 32.9 32.2

1400 27.2 28.5

1600 25.6 29.9

1800 25.4 27.8

2000 21.4 25.5

2200 17.4 18.9

240O 8.5 8.5

Modulus of Elasticity for Annealed Columbium (Ref. A28, 35)

Temperature ('F) Modulus of Elasticit_r

68 15.2 x 106 psi

392 14.7
572 14.5
752 14.6

932 14.2
1600 13.6

Modulus of Elasticity for Recrystallized Cb-I% Zr (Ref. A36)

Temperature I'.F) Modulus of Elasticity

75 11.5 x 10 6 psi

25 00 2.7
2700 2.0

3000 0.8

PA_E HO.A 15
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TABLE A6

Tensile Properties of Recrystallized Cb=1% Zr (Ref. A36)

T em_ rature_ *F

75

Tensile Strength

1000 psi
i,,i ,i .........

Yield Strength

(0.2% offset) 1000 psi

48.0 37.1

45.5 33.7

2000 22.9 21.4

22.8 20.0

2500 8.65 7.0

8.15 6.24

2700 5.9 4.6

6.16 5.0

3000 2'95 2.34

3.47 2.94

Tensile Properties of Columbium (Ref. A28)

Tempe rat ure *F

Tensile Strength

,.. i.oo0psi......
Yield Strength

1000 PSi ,,,

70 40 35

1600 20 10

2400 5 2

PA'I "0. A16
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Figure A5 Rupture and Elongation vs Time for l_olybdenum-0.5%
Titanium in Stress-Relieved Condition

Machining molybdenum, columbium and Cb-1°/0 Zr is not extremely

difficult. Usually these materials cut like stainless steel A_e. 3a. How-

ever joining and forming molybdenum must be done at elevated tem-

peratures because of lack of room-temperature ductility ,_8.

For any extended time operation at elevated temperature, columbium

or molybdenum-base alloy components should be protected from oxi-

dation by operation in vacuum or inert gas.

No noticeable reaction occurs in Mo-. 5% Ti exposed to air up to about

350"F. At 500*F the rate of oxidation is low and increases only mod-

erately up to 1300*F. At this point, the protective molybdenum trioxide

(MOO3) layer starts to volatilize, resulting in a sharp rise in oxidation

rate. At 1550"F MoO 3 melts and combines with molybdenum dioxide,
MOO2, the reaction product formed at the metal-oxide interface. The

resulting eutectic has a melting point of 1525"F, accounting for a fur-
ther increase in oxidation rate at this temperature.

Cb-l% Zr begins to oxidize in air at approximately 200*F ,3_ . The rate

increases rapidly with increasing temperature upto 900*F. A discon-

*A_E _o. A 18
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tinuity exists at this temperature as oxidation rate immediately falls

to 1/10 its value. The curve resumes its positive slope with further

increases in temperature.

Columbium alloys and molybdenum-base alloys in sheet form can be

obtained from primary producers of the materials. Tubing of either

material with dimensional tolerances required for this application can

be produced by a specialty tubing fabrication facility from ingot sup-

plied by the primary producers.

C. Joining Technic_ues

In a liquid metal condenser application, it is required that all joints

be leak-tight, corrosion resistant, and capable of withstanding high

stresses. Most joints can be fabricated merely by using careful

welding techniques. However, in shell-tube type condensers for liquid

metal applications, the joints at the tube ends require special tech-

nique s.

The tubes are joined at each end to common sheets which separate the

tube fluid in the manifolds from the shell fluid. If welding alone were

used to form these joints, a space would exist between the tubes and

their mating holes in the tubesheet since complete penetration of the

weld is impractical. Also, the tube wall would have a sharp change

in contour or notch where the weld area ends, thus causing an area of

stress concentration. Thermal cycling of the tube could cause fatigue

failure at the notch area. This type of failure was evidenced at Oak

Ridge National Laboratory A46 In subsequent work at Oak Ridge A49,_0

the tube joints were welded and then the spaces between the tubes and

their mating holes were brazed from the side of the tubesheet opposite

the weld (back surface). This back brazing process eliminated the

notch at the ends of the tubes, increased the strength of the joints by

bonding the tubes to the full thickness of the tubesheet, and provided

more uniform stress distribution by forming fillets between the tubes

and back surfaces of the tubesheets. The shallow-depth welds act as

seals, but require reinforcement to prevent cracking.

These seal-welded and back-brazed joints have been used with success

in various liquid metal heat exchanger programs in the temperature

range of 700" - 1500*F with NaK as a coolant. However, at present

there is no braze alloy that has been reported as being corrosion-

resistant to lithium at high temperatures. Several investigators are

investigating possible braze alloys that would be suitable for use with

lithium. Table A7 contains a list of some possible high temperature

braze alloys for Cb-1% Zr and their melting points A51. Table A8 lists
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TABLE A7

Brazing Alloys for Service With Cb-I Zr (Ref. _,51)

Nominal Composition

Wt. s_ Solidus

Ti - 5 Fe 2680

Ti - I0 Fe 2390

Ti - 20 Fe 2060

Ti - I0 Cr 2910

Ti - 20 Cr 2710

Ti- 2Be --

Zr - 12 Ag 2280

Zr - II A1 2460

Ti - 13 Fe - 8Cr --

Ti - 6 Fe - 4 Cr 2060

Zr - 28 V - 16 Ti 2220

TABLE A8

Brazing Alloys for Mo-.5% Ti (Ref. __46)

Braze Alloy (%)

84 Ni - 16 Ti

52 Co - 48 Ni

80 Ni - 14Cr - 6 Fe

55 Co - 20 Cr - 15 W - I0 Ni

PAGE NO.

Melting.Point _"F)

2350

2212

2540

2600

A20

Expected Melting Range, (*F)

,, Liquidu.,

2780

2600

2280

2980

2800

2730

2280

2460

m--

2280

2350

Tensile Strength

at 1800"F (psi)

15,800

17,000

6,700

20,100



PRATT & WHITNEY AIRCRAFT PWA-Z3Z0

Volume I

alloys successfully used in brazing Mo-.5% Ti_plus their melting points

and tensile strengths at 1800"F A4_. No information was available on the

corrosion resistance to liquid metals for these braze alloys listed in
Tables A7 and A8.

Another good method of bonding the tube joints is to first seal-weld the

tubes to the tubesheet, swage the tube out to make a force fit between
the tubes and tubesheet holes, and then to diffusion-bond the tube to the

mating hold surfaces of the tubesheets. In the case of stainless steel

fabrication, the tube end would first be plated with a suitable metal such

as nickel. Nickel has a high solubility with stainless steels and thus,

upon heating the plated area to the bonding temperature for a required

length of time, an intimate bond is formed between the two mating sur-

faces. A similar technique is used with columbium-base alloys at Pratt

& Whitney Aircraft. However, instead of plating the tube ends, an inter-
mediate element in the form of a foil or sleeve is inserted between the

mating surfaces. This material is usually one of the more reactive

metals which has a 100 per cent solid solubility with columbium-base

alloys, such as titanium, zirconium, or vanadium. A temperature of

2Z00 "F is held for Z to 3 hours for bonding titanium or vanadium. This

technique has been used successfully for fabricating heat exchangers

for use with lithium at temperatures up to 2000 "F. Columbium has

also been diffusion bonded without any filler material under an inert gas

pressure of 10,000 psi at 2200°F As2 . These joints were found to be

ductile and to have room temperature tensile strengths of 40,000 psi,

or about the same as the annealed parent material.

The welding of the tube joints and other joints must be done with care

to prevent impurities from contaminating the weld. This contamination

is avoided by performing the welding in an inert gas atmosphere. One

of the most common methods is the tungsten-inert gas (TIG) process

which uses a tungsten electrode and either helium or argon as the inert

gas.

Since welding the tube ends to the tubesheet presents a problem due to

the different heat absorption rates of the two parts and manual operation
of the tungsten electrode which can lead to uneven stress distribution around

each joint, a method called the cone-arc process was developed A53. S4. SS.

In this process a magnetic field induces high speed rotation of the weld-

ing arc about the periphery of a circle, thus decreasing the time neces-

sary to complete the weld and providing a more even temperature dis-

tribution around the weld periphery.
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Electron-beam welding is another method that can be used to produce

high reliability tube-to-tubesheet joints A56. This method offers an ad-

vantage of high depth-to-width ratio in the weld (up to 25 to I). Ade-

quate seal welds can be achieved by this method with no major problems,

but to achieve welds which penetrate the full thickness of the tubesheet

would require a considerable development to overcome heat transfer

and eccentricity problems.

Figures A6 and A7 compare properties of ultimate tensile strength and

bend ductility as functions of temperature for Mo-. 5% Ti base metal

with those of electron-beam weldments of this material A57 The data

indicate that electron-beam weldments in Mo-0.5% Ti have relatively

good mechanical properties.

D. Conclusions
i,i

The refractory alloy Cb-l% Zr was chosen as the most favorable ma-

terial presently available for the condenser applications under study.
This choice was made for the cases where either lithium or NaK would

be used as coolants. Although the condenser itself can operate effec-

tively for long durations with other more conventional engineering ma-

terials, a refractory aiioy is needed for the boiler due to temperatures

of approximately 2000*F. As indicated above, Cb-I% Zr is susceptible

to mass transfer type corrosion when other materials are present with-

in the system.

The refractory metals and alloys were the only materials that could

satisfactorily resist lithium corrosion at high temperatures. Colum-

bium appears to be the best of the refractory metals for corrosion re-

sistance. The alloy Cb-l% Zr has similar resistance to corrosion and

has higher strength at elevated temperatures than its base metal.

Other columbium-base alloys which have higher strength characteristics

than Cb-l% Zr are being investigated for corrosion resistance. How-

ever, at present, considerable experience on corrosion resistance and

on fabrication techniques is available only for Cb-1% Zr.

The most favorable method of joining Cb-1% Zr tubes to tubesheets is

to seal-weld the tubes ends to the sheets and diffusion-bond the tubes

to the mating holes using vanadium inserts. The welding must be done

in an inert gas atmosphere and preferably using a high speed process

such as the cone-arc method. All other joints can be TIG-welded man-

ually.
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S bo;

A

B

Cf

Cp
C1

D

F

f

G

Gcr

gc
h

J

k

k

L

i
M

M t

m

N

n

fl

Nu
P

P

PT
£P

APPZNDIX B

Nomenc lature

,Deginltion

lurface area

blockage
coefficient of skin friction

specific heat at constant pressure

specific heat at saturated conditions
diameter

wall shear stress parameter s

% gc

friction factor

mass velocity of fluid

critical mass velocity
Newton's conversion factor

heat transfer coef£icient

thermal conversion factor

(778 _t-lbf/9tu}
thermal conductivity

slip ratio

total length

length

molecular weight

initial Mach number of vapor

entering condensing passage
mass flux

number o_ condenser tubes

Deissler constant, 0.124

number of tube rows

Nusselt number

pitch (center-to-center distance

between adjacent tubes)

static pres sure

total pressure

change in pressure

Dimensions

ft _

Btu/lb m eF

Btu/ib m 'F
ft

lbm/tt hr _

ml

Ibm ihr ft _

Ibm/hr ft2

Ibmgt/Ibf hr t
Btu/hr ft I *F

Btulhr ft *F

ft

ft

Ibm/lb-mole

lb m/h r

ft

lbf/tt 2

lb /ft'
lbf/_ _

,Mu No, B2
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Symbol

Pe

Pr

Q
q

%
r

rl

r2

Re

R

Ro

R L

S

T

AT

t

U

U

u +

V

V

V

W

X

X

Y

7 +

Definition

Peclet number

Prandtl number

overall heat transferred

velocity head
local heat flux at wall

radius

radius from tube center to

llquid-vapor interface

tube inside radius

Reynolds number

universal gas constant

local volume fraction of vapor

in condensing pas sage

local volume fraction of liquid in

condensing passage

entropy

temperature

driving potential or change of

fluid temperature
thickness of wall

overall heat transfer coefficient

velocity

u/ /rw/ PL

average velocity

volume

specific volume

total flow rate

Lockhart and Martinelli two-phase

flow parameter

quality

distance measured radially inward
from tube wall

T w

ratio of eddy transport coefficients,

'HI 'm

Dimensions

ol

am

Btu/hr

lbf/ft 2
Btu/hr ft s

ft

fl

R
ml

ft" lbf/lb- mole *R

um

Btu/Ib m *F
"F

*F

ft

Btu/hr fl _ *F

ftl hr
Ssl

ft/hr

ft s

ft s/Ibm

Ibm/hr

mss

ml

pus, .o. B3



PRA_ i WHITN|Y AIRCRAPT PWA- 2320

Volume 1

S_bo!

r

5
8"

V

P

%

TW

0

eH

fM

Definition Dimensions

mean ratio of eddy transport

diffusivities

increment taper
mass flow rate of condensate

per unit of wetted tube circum-
fe renc e

condenser taper

liquid film thickness

dimensionless liquid film thickness

latent heat of vaporization

dynamic viscosity

kinematic viscosity

density

lb_/hr ft

ft

Btu/lb m
lb_/hr ft

ftJ_hr

lbm/ft 3

no. of molecules striking interface which condense

total no. of molecules striking interface

vapor shear stress
wall shear stress

Lockhart and Martinelli two-phase

flow parameter

yon Karman mixing length constant

eddy transport coefficient for heat

eddy transport coefficient for

momentum

ibf/ft 2

lbf / ft 2

ft2/hr
It _/hr

cold

cond

cool

cr

film

fg

G

hot

i

Subscripts

cold fluid

condenming fluid

coolant fluid

critical

condensate film

difference between conditions of saturated vapor and

saturated liquid

gas

hot fluid

inside or inlet
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Symbol

initial

int

k

L

Im

m

mw

o

out

P

S

S

sat

T

tp
t-pf
tt

tv

vt

"vv

W

X

I

II

Definition

Subs cripts

Dimensions

initial conditions

conditions at the liquid-vapor interface

at constant slip ratio (Appendix J}

liquid

logarithmic mean

mean

mean wall

outside or initial

outlet conditions

at constant pressure (Appendix J}
shell

at constant entropy (Appendix J}
saturation conditions

total or tube

two phase

two phase friction

turbulent liquid-turbulent vapor

turbulent liquid=viscous vapor

viscous liquid-turbulent vapor

viscous liquid-viscous vapor

conditions at the wall

at constant quality (Appendix J}

refers to the beginning point of an increment

refers to the end point of an increment
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TABLE 1

De sign C onditions

Design Life - 10,000 hours

A. Parallel Arrangement -- Design Conditions for a single condenser

in parallel arrangement

Lithium-Cooled NaK-Cooled

Potassium flow rate 1593 Ib/hr 1593 lb/hr

Potassium temperature
inlet 1175 °F 1175 °F

outlet 1053 °F 960 °F

Potassium pres sure
inlet

outlet

Potassium dynamic quality
inlet

outlet

Coolant flow rate

3.95 psia 3.95 psia

3.41 psia 3.41 psia

0.83 0.83

0.00 0.00

7841 lb/hr 28,450 lb/hr

Be

Coolant temperature
inlet

outlet

998°F 945°F
1150 °F 1150 °F

Coolant pressure loss 1.2psi 1.2 psi

Series and Segmented-Shell Arrangements

Potassium flow rate 63721blhr 637Z lb/hr

Potassium temperature
inletof first condenser or

segment
outlet of last condenser or

segment

1175°F

1053°F

1175°F

960°F
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TABLE 1 (Cont'd)

Potassium pressure

inlet of first condenser or

segment
outlet of last condenser or

segment

3.95 psia

3. 41 psia

Potassium dynamic quality
inlet of first condenser

or segment
outlet o£ last condenser or

segment

0.83

O. 00

Coolant flow rate for each

condenser or segment 7841 lb/hr

Coolant temperature

inlet of each condenser

or segment
outlet of each condenser

or segment

998°F

lI50°F

Coolant pressure loss of each

condenser or segment I. 2 psi

3.95 psia

3.41 psia

0.83

0.00

28450 Ib/hr

945°F

II50°F

1.2 psi
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TABLE 2

Comparison Between Tube Lengths and Core Weights Calculated for a

Lithium-Cooled Constant-Diameter SheU-and-Tube Condenser Using

Different Methods for Predicting Condensing Heat Transfer Coefficients

Method Tube Length-lnches Core Weight-Pounds

1) Carpenter and Colburn 5.58 9.68

2) modified film conduction

a) film transition criterion of

Equation (30)

b) film transition criterion of

Lockhart and Martinelli

3.59 7.37

3.56 7. 34

3) Schrage effect

_ = 0.0168 19.31 23.02

w = 0.045 8.33 12.09

Note: C ore weight = tube weight + shell weight + tubesheet weight + weight
of fluid inventories inside of the shell and the tubes
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TABLE 4

Liquid Metal Coolant Properties at I I50°F

Lithium NaK (5)

specific heat, Btu/lb °F

dynamic viscosity, lb/ft hr

thermal conductivity, Btu/hr ft °F

density, lb/ft 3

0.995(')

0. 695(2)

29.5(')
29.48( )

O. 2096

0.402

14.93

45.14

Potassium Properties at Condenser Entrance (1175°F)

Liquid{ 5) Vapor (5)

specific heat, Btu/lb °F

dynamic viscosity, lb/ft hr

thermal conductivity, Btu/hr ft °F

density, lb/ft 3

latent heat of vaporization, Btu/lb

0.1833 0.208

0.36 0.04385

19.72 0.0076

43.02 0.0078

874

Douglas, T. B., L. F. Epstein, J. L. Dever, and W. H. Howland,

Lithium: Heat Content from 0 to 900, Triple point and Heat of Fusion,

and Thermodynamic Properties of the Solid and Liquid, JACS 77, 2144,
1955

Andrade, E.N. daC., and Dobbs, The Viscosities of Liquid Lithium,

Rubidium, and Cesium, Proc. Roy. Soc. London 211, 12, 1952

Kapelner, S. M., The Electrical Resistivity of Lithium and Sodium

Potassium Alloy, 1=WAC-349, June 30, 1961

U.S. Navy Department, Liquid Metals Handbook, June 1952

Properties of Organic Energy-Conver sion and Heat- Transfer Fluids

for Space Application, WADD Technical Report 61-96, November 1961
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APPENDIX F

Method of Calculating Incremental Lengths

for Tapered Tube Condensers

In Section HI. B it was recommended that design calculations for liquid

metal condensers be made by subdividing the condenser into a number

of srnall increments that could be considered individually. The solution

would be made using an incremental marching procedure that would start

at one end of the condenser and proceed increment-by-increment towards

the opposite end. Information obtained from the solution of one incre-

ment would be used as input for the solution of the following increment.

Equations are derived in this appendix that can be applied to the solution

of the individual increment lengths for tapered condensers where the

cross-sectional dimensions of the condenser vary linearly with axial
distance. These equations will account for both the variation of the

overall heat transfer coefficient U with axial distance across an incre-

ment and the effect of tapering on the heat transfer area of an increment.

The derivation will be made for the general case of a counterflow linearly

tapered heat exchanger where itwill be assumed that the specific heats

of both fluids are constants. This derivation will then be applied to a

special case where the tube fluid changes phase by making an appropriate

assumption concerning the ratio of the specific heat of the shell fluid to

the specific heat of the tube fluid.

The tapered heat exchanger considered in this derivation is similar to

the condenser illustrated in Figure 22. It employs a counterflow shell-

and-tube arrangement where the inside diameter of the tubes D T and the
inside diameter of the shell D S both vary linearly with axial distance

from the inlet of the tube, according to the relations *

D T = D T (I - ?T([) (FI)
0

DS =D S (I - 7S_) (F2)
O

*Nomenclature for this appendix is on p. FI 1
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Thus for a given axial location, the inside diameters of the tubes are

dependent upon their values at the tube inlet D T and the tube taper 7T,
• ° O

while the inside diameter of the shell is dependent on its value at the

tube inlet DSo and the shell taper 7 S.

The flow pattern, geometry, and temperature distribution for a single

increment of a linearly-tapered heat exchanger is illustrated in Figure

F1. For this case, the temperature of the tube fluid T T is higher than

the temperature of the shell fluid T S. As can be seen in Figure F1,
the temperatures of both fluids decrease as the axial distance X from

the tube inlet end of the increment increases. This is due to the basic

counterflow arrangement of the heat exchanger. The variation of the
inside diameters of the tubes and the shell across the increment can be

described by the relations

DT=D T (1- _T X)
Io

(F 3)

= (l - x)DS DSIo
(F4)

D and DSI ° are the inside diameters of the tubes and the shellTIo

respectively at the tube inlet end of the increment (i.e, at X = 0).

The terms BT and BS can be related to the tube taper 7T and the

shell taper 7 5 of the heat exchanger through the relations

(F5)

DSI °

(F6)

which can be derived from simple geometrical considerations.
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Considering a differential element with length dX in the increment,
(see Figure F1), the following relation can be written for the heat

transferred from the tube fluid to the shell fluid within this differential
element

where U_
diame te _.

dQ =U I (T T - TS) dA (FT)

is the overall heat transfer coefficient based on tube inside

The differential heat transfer area dA can be obtained from the relation

dA = NdA T (F8)

where N is the number of tubes and dA T is the differential area of a

single tube. dA T can be obtained from the relation for the lateral

surface area of the frustrum of a cone which has a height dE and a

diameter which varies according to Equation (F3). The result is

dA T = D T I" I + Tlo _T 2
Io 2 {1- _TX) dE (F9)

Combining Equations (FT) to (F9) and rearranging, the result is

d__.QQ: r U ND 1 + Io _T (TT-Ts) (I- _T x)
dE I Tlo

(F10)

Applying the conservation of energy to the differential element of the

increment and assuming that the specific heats of the two fluids are con-

stant across the increment, the following relation results

dO dTT dTs
_=-C - C
dE T dE S dX (Fll)

where C
T

C S

=W
t

=W
S

CP T

CP S
,'AGe No. F4
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C T and C S are the capacity rates of the tube and the shell fluids, re-

spectively. The capacity rate represents the product of the weight flow
of a fluid and its specific heat.

Combining Equations (FI0) and (FI I)

-Cs dTs = _ (DT _T ) 2T NUIDTI ° (TT-Ts) 1 + Io 2 (l- X)

(FI z)

Multiplying Equation (F 1I) by dX and rearranging results in the relation

dT - CS

T C T dTs

which upon integration from the tube inlet end of the increment to any
position yields the following form

C S

TT(x)-TTo-CT (TS(x)TSo) (F13)

Combining Equations (F12) and (FI3) the result is

dTs I CS
-Cs dX - _r NUIDTI ° TTo CT TSo

___D T BT) 2-(I- _Cs )T S Io (I- _TX)
C 2

T

(FI4)

The overall heat transfer coefficient based on tube inside diameter U
can be obtained from the relation I

_ASE No. F5
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U I = (OD)
(OD) in T

1 T DT (OD) T
-- + +

h T Z k w D T hS

(F 15)

where (ODJT = outside diameter of tube

U I is dependent upon the heat transfer coefficient of the tube fluid h T,

the heat transfer coefficient of the shell fluid h S, and the thermal

(OD T)

OD T in
D T

resistance of the tube wall Zk . For given flow rates the
W

heat transfer coefficients of the two fluids are strongly dependent upon
the diameters of the tubes and the shell. Since these diameters are

dependent upon the axial distance X and the heat transfer coefficients

h T and h S, the overall heat transfer coefficient U I will also be dependent
upon X. As a result the variation of UI with length across an incre-

ment can be approximated using a Maclaurin series expansion of U I in
terms of X

ui: UIo x :o + +

(F16)

If U does not vary greatly across an increment, the first derivative in
EquIation (F 16) can be approximated by the relation

(---_-) = AUI_X - UIL-UI°L (FI7)
X=0

where Uio and UIL are the overall heat transfer coefficients at the tube
outlet and tube inlet ends of the increment, respectively, and L is the

length of the increment.

Combining Equations (F16) and (F 17) and neglecting the second and higher

order terms in Equation (F16), the result is

U I =Uio- ( UI° - ULL )x
PAG, NO. F6
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Equations (F14) and (FI8) can then be combined to yield the following
expression

-Cs dX r ND UIo ( UI°- U C S
TIo I_ X TT° - -_T TS° -

Separating the variables in Equation (F 19) the result is

_dT___SS = r NDTI O ¢I 2 [

- CS -(I -Cs 21°TTo _-T TSo _-_T)Ts CSS +(DT _T) Ulo-

IUIo- UILL + _T UIo)X ÷(UIo- UIL._ _T X2 1dX_,
(F20)

Integrating Equation (F20) between the limits X = 0
the relation

and X = L yields

in CS / 1 CS ]

TTo- TSo

C S

C T

' 2 L- +

(FZl)
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Rearranging Equation (F21) the result is

_T (2 U +U ) L 2 (UI° + UIL)
6 IL Io 2 L+H= 0

(F2z)

The term H in Equation (F22) is defined as

H =

C SIn [ TT°

C S

TTo- TSo

•"ND T 1 1 +
Io CT

(F23)

Solving for L the following expression is obtained

Uio +UIL __+U 2IL 2

g _ - -_ H _T (2UIL +UIo)
L=

_T

3 (Z UIL + Uio )

(F24)

To determine whether the positive or the negative sign must be used

in front of the radical in Equation (F24) the case of very slightly tapered

tubes, (i. e. , _T approaching zero), can be considered. As _T
approaches zero the right-hand side of Equation (F24) approaches two

limits depending on the sign in front of the radical. If the positive sign

is used in front of the radical, the right hand side of Equation (F 24)

approaches infinity. I_ negative sign is used in front of the radical, the

right-hand side o_ Equation (F24) approaches the limit H ( UI° + UIL )

2

which is a finite number. Since the length crf an increment must remain

finite for slight tapers, the negative sign must be used in front of the
radical.

Rearranging Equation (F24) the following relation for the length of an
increment is obtained

_,A_.NO. F8
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L ._ 2 ]3 (Uio + UIL ) (Uio + UIL) 6H

z _'T (ZUIL + UIo) - _'T (ZUIL + UIo) " _'T (ZUIL+ UIo)

(Fzs)

Equation (F25) was derived for the general case of a counterflow

linearly-tacpered heat exchanger where it was assumed that the variation

of U I across an increment could be approximated using the first two

terms of a Maclaurin series, and that the specific heats of the two fluids

remained constant across an increment. In order to calculate the length

of an increment using Equation (F25) it is necessary to know the overall

heat transfer coefficients based on tube inside diameter at each end of

the increment, U1o and UIL, the tube taper of the increment _T and the

parameter H. The parameter H is given by Equation (F23) where it can

be seen that H is dependent upon the terminal temperatures of the two

fluids TTo, TTL, TSo and TSL, the capacity rates of the two fluids

CanSdand C T, the number of tubes N, the tube taper of the increment _T'
the inside diameter of the tubes at the tube inlet end of the incre-

ment D T . This equation for H is directly applicable to the case where

both flui_ ° are single-phase fluids and have constant specific heats.

However, if the tube fluid undergoes a change in phase as it flows through

an increment, a number of approximations can be made and a simpler

expression for H can be developed.

Equation (F I I) can be integrated between the limits X = 0 and X = L

to yield the following form

Q =CT (TTo- TTL) =Cs (Tso - TSL)
(F 2.6)

Equation (F 26) can be rearranged to yield the following form

CS _ TSL)
TT° - TTL = "_T (TS°

(F27)

If the tube fluid changes phase as it flows through the condenser, its

temperature is dependent upon its pressure due to saturation conditions.

Since the pressure of the tube fluid will change only slightly across a

single increment, it can be assumed that its temperature remains con-

stant across the increment. The temperature difference TTo- TTL

,,,,_,, No. F 9
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can then be assumed to be zero. Since a definite quantity of heat is

transferred from the condensing fluid in the tube, conservation of

energy requires that inlet-to-outlet temperature difference of the shell

fluid TSo - TSL cannot be zero. The ratio of the capacity rates Cs/C T

must therefore be assumed to be equal to zero to satisfy Equation {F27).

If the ratio of capacity rates Cs/C T is assumed equal to zero, Equation
(F23) is reduced to the following form

C S in I TT° - TSL 1
H = TT° TSo (F28)

7rNDTIo + I2 '

In applying these relations to the analysis of a tapered liquid metal

condenser, the condenser must be divided into a condensing section

where the tube fluid changes phase, and a subcooling section where

the tube fluid is entirely liquid. Equation {F25) can be applied to both

sections. However, Equation (F28) must be used to predict H for the

condensing section and Equation (F23) must be used to predict H for the
s ubc ooling s e c tion.
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UI o

UIL

W S

WT
X

_S

_T

Nomenclature for Appendix F

total heat transfer area

heat transfer area of a single tube
specific heat of shell fluid

specific heat of tube fluid

capacity rate of the shell fluid

capacity rate of the tube fluid
shell inside diameter

tube inside diameter

shell inside diameter at X = 0

tube inside diameter at X = 0

shell inside diameter at tube inlet

tube inside diameter at tube inlet

parameter defined by Equation (F23)
heat transfer coefficient of the shell fluid

heat transfer coefficient of the tube fluid

thermal conductivity of tube wall

length of an increment

axial distance from the tube inlet end of the

heat exchanger
number of tubes

total heat transferred from hot fluid to cold
fluid

shell fluid temperature at X = 0

shell fluid temperature at X = L

tube fluid temperature at X = 0

tube fluid temperature at X = L

tube wall thickness

overall heat transfer coefficient based on

tube inside diameter

overall heat transfer coefficient at X = 0

(based on tube I. D. )

overall heat transfer coefficient at X = L

(based on tube I. D. )

weight flow of shell fluid

weight flow of tube fluid

axial distance from the tube inlet end of an

increment of the heat exchanger
shell taper of an increment of the heat

exchanger

tube taper of an increment of the heat

exchanger

shell taper of the heat exchanger

tube taper of the heat exchanger

ft 2

ft 2

Btu/lb- °F

Btu/lb- °F

Btu/hr- °F

Btu/hr- °F

ft

ft

ft

ft

ft

ft

o

Btu/hr- ft 2- °F

Btu/hr- ft 2- °F

Btu/hr- ft-°F

ft

ft

Btu/hr

oF

oF

°F

°F

ft

Btu/hr- ft 2 _ o F

Btu/hr- ft 2 - oF

Btu/hr- ft 2 - o F

lb/hr

lb/hr

ft

It -!

ft -!

ft-!

ft -I
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Figure F1 Sketch of Increment for a Counterflow Linearly-Tapered Heat
Exchange r
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APPENDIX G

Transition Criterion for a Condensing Film

In this appendix a laminar-to-turbulent flow transition criterion will

be developed for the flow of a condensing film inside a circular pipe.

This criterion will be obtained by analogy with a transition criterion

derived for the fully-developed single-phase flow of a liquid through
a circular pipe.

For the single-phase flow of a liquid through a circular pipe the wall
shear stress is given by the relations

y 2

(G1)
r w = Cf P L 2g c

For turbulent flow with Reynolds number Re = P VD close to the

transition region, the skin friction coefficient Cf can be obtained from
the relation

0. 079
Cf = (G2)0.25

Re

The skin friction coefficient Cf differs from the friction factor f defined
in Appendix I-I by a constant factor of 4.0. If it is assumed that transi-

tion from laminar to turbulent flow takes place at a Reynolds number

of 2000, Equations (Gl) and (G2) can be combined to yield the following

result which can be used as a transition criterion instead of the Reynolds
number

(--_L _ rw gc ) (G3)
trans

Carpenter** has suggested that a criterion of the form of Equation (G3),

which was derived for single-phase flow through a circular pipe, can

be applied to the flow of a condensing film through a circular pipe.

*See Appendix B for nomenclature

**Carpenter, F., Heat Transfer and Pressure Drop for Condensing

Pure Vapors Inside Vertical Tubes at High Vapor Velocities, PhD

Thesis, University of Delaware, 1948
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Squaring both sides of Equation (G3) and rearranging yields the following
result.

2. 37 x I0' [ #L \2

= _ ) (G4)w D
trans P L gc

Following Carpenter's suggestions, Equation (G4) indicates that for a

given liquid and a given pipe diameter, transition from laminar to

turbulent flow takes place at the same wall shear stress rw for both

the fully- developed single-phase flow of a liquid through a pipe and the

condensing flow of a liquid film along the pipe wall.

Equation (G3) is similar to that suggested by Carpenter and derived in

the paper by Rohsenow, et al *, The development is identical to the

derivation of Rohsenow, et al. However, the derivation presented by

Rohsenow, et al employed the relation

0. 046
Cf = (G5)0.2

Re

for the skin friction coefficient. While this relation is valid for Reynolds
numbers in the range of 3.0 x l0 4 to 3.0 x l0 s it is not valid for the low

values of Reynolds number occurring within this study.

_'Rohsenow, W. M., T. H. Weber, and A. T. Ling, Trans. ASME 78,

p. 1637-44, 1956
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APPENDIX H

Two- Phase Pressure Drop Calculations

The computer program discussed in Section V of this report contains

a subroutine for calculating two-phase pressure drops across an incre-

ment of the condensing fluid. This appendix describes the details of

that subroutine.

The subroutine calculates the static pressure differential across an in-

crement (see sketch) using the equationderived below.

flow Pin _ _ Pout
direction

_---_ wall force

The sum of the forces acting on this increment in the axial direction is

equal to the change in momentum flux across the increment in that di-

rection*

Pin + Pout

Pin Ain - Pout Aout + Z (Aout - Ain) - APfriction Amd

= 2 (qout Aout - qin Ain) (HI)

where Amd = the area based on the mean diameter.

Pin + Pout

The term 2 (Aou t - Ain ) accounts for the wall force.

This equation reduces to

2Amd

Pin - Pout = APfriction Ain+Aout

4
+ (qout Aout - qin Ain) (HZ)

Ain + Aout

The method used to obtain frictional pressure loss and the method used

to determine pressure drop due to momentum considerations are dis-

cussed separately.

Frictional Pressure Loss

The frictional pressure loss calculations used in the computer program

were based on the empirical method of Lockhart and Martinelli _'_. This

;:-'SeeAppendix B for nomenclature

-'_-'_Lockhart, R. W. and K. C. Martinelli, Chem. Eng. Prog. Symp.

Series, Vol. 45, No. 1, p. 39, 1949
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method expresses the two-phase frictional pressure drop per unit length

( A P/A L) tpf in terms of the pressure drop per unit length that would

exist if the gaseous phase is assumed to flow alone ( AP/ AL)Gthrough

the definition of a parameter _Cr" That is

2 ( AP/ AL) tpf
CG - (H3)

( AI:)/ AL) G

The parameter _G in turn is a function of a dimensionless variable X
which is the square root of the ratio of the liquid to the gaseous pressure

drop per unit length when each phase is considered to flow alone. The

relationship of CG to X and the definition of X are dependent upon which
of four regimes the flow is considered to have. These four regimes are,

I) turbulent - turbulent ( tt ) - both liquid and gas phases are in the tur-

bulent flow regime, 2) viscous-viscous (wv) - both liquid and gas phases

are in the viscous flow regime, 3) turbulent-viscous (t:v) - the liquid

phase is turbulent and the gas phase viscous, and 4} viscous-turbulent

( vt ) - the liquid phase is viscous and the gas phase is turbulent.

Lockhart and Martinelli correlated data of _ G vs X for the four regimes.

Curves of mean lines through their data are shown in Figure HI. The

dam was taken for adiabatic flow and not for flow where heat is being

transferred as in condensing. However, it was assumed that Equation

(H3) can be applied locally in condensing flow after being transformed

from a finite difference equation to a differential equation as follows.

1

k 1 _ / G

This equation can then be integrated across an increment in which heat

was transferred to obtain the frictional pressure drop across the incre=

ment. _A_

A Ptpf = _bG d£ (H41

£

Integration of the right side of Equation (H4) was done by expressing

_bG, (dP/dL) and _ in terms the quality x, a constant tube diameter, the
input flow rate, and constant fluid properties.

The quality change across an increment is known in the program and

the variation within an increment is assumed to be linear with length.
2

A polynomial equation of _G in terms of X was made to fit the curves

in Figure HI. Another polynomial equation of X in terms of quality

was also made. Therefore #G can be expressed in terms of quality.
2

Table HI contains the polynomial equations of _ G in terms of X, and
X in terms of quality for the four flow mechanisms.

2 X2
4f G W T

The variable (dP/dt) G can be expressed as 2 "

Zg c P G A
pAQ-'NO. H3
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The friction factor fG is a function of Reynolds number, which in turn

is a function of quality, assuming constant fluid properties. The rest

of the terms of the expression of {dP/d_G except quality would be con-
2

stant. Thus _ G , _' and (dP/d_G can be expressed in terms of quality

and the integral in Equation (H4) can be evaluated directly. Table H2
contains the final equations derived for two-phase frictional drop across

an increment for all four flow mechanisms.

Two modifications were made to the Lockhart and Martinelli method for

use in this subroutine. The first was to define the point of transition
from laminar flow to turbulent flow to occur at a definite condition.

The subroutine uses the criteria that if the full-bore Reynolds number#

of either phase is less than or equal to 1000, that fluid phase is in

viscous flow; and if the full-bore Reynolds number is greater than 1000,
that phase is in turbulent flow.

The other modification was made in the functional relationship of friction

factor in turbulent flow to full-bore Reynolds number. Lockhart and

Martinelli used the following equation

f = 0. 046 Re -°'2 (H5)

and the one used in this subroutine is

-0.25

f = 0:.079 Re (H6)

The latter equation was chosen as it fits the data better for Reynolds

numbers of less than 100,000.

Pressure Drop Due to Momentum Considerations

As can be seen from Equations (H1) and (H2), it is necessary to evaluate

velocity head at the two end points of an increment in order to deter-

mine total and static pressure drop across an increment. The velocity

head of a two-phase mixture is defined by the sum of the liquid and gas

momentum flux divided by two times the duct cross-sectional area.

[w ]q- A (I - x) V +W xV G (H7}
2g c

• The full-bore Reynolds number for a phase is a fictitious Reynolds

number calculated as if that phase flow rate occupied the entire pipe
W T (1 - X) D WTxD

cross-sectional area. Thus Re = and Re =.
L AWL G Au G

Page No. H4
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The velocities of the two phases can be expressed by the following

equations

W (1 - x) WTX

VL = PLARLT and V G = _RG
(H8)

where R L is the local fraction of tube volume that is liquid and R G is

the local fraction of tube volume that is gas.

1 WT _ + x 2

Thus q = 2 A 2 p R _ RG
gc L L G

(H9)

The values of WT, A, PL' PG' and x are determined at the end points
from previous routines in the program or are known input values. How-

ever, neither R L nor R G is known. Once either value is known, then

local velocity head can be determined since R L + R G = 1.

Lockhart and _J_artinelli correlated data of R L as a function of the same

parameter X used to correlate SG" This correlation is illustrated in
Figure H2. In order to use this correlation in the computer program,

the following equation was fitted to a curve in Figure H2.

R L

0.756
0. 299 X

0.756
0_ 299 X + 1

The values of X at the two end points of an increment are evaluated from

flow rate, quality, local fluid properties, and tube diameter. Thus the

velocity heads at the end points of an increment can be calculated. Table

H3 contains the final equations derived for local two-phase flow velocity
head for all four flow mechanisms.

PA,_KNO. H5
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TABLE H I

Z
@
Gtt

4,2
Gw

2
@

Gtv

2

Gvt

Z
= 1 + 19.7 Xtt + Xtt

Z
= I + 6.0 Xvv + Xvv

Z
= 1 + II.0 Xtv +Xtv

Z

= 1 + 12.5 Xvt + Xvt

Xtt

X W =

Xtv

Xvt

K3(x -0"875 _ 0.875x 0"125_0.0547x 1"125_0.0205x 2"125- 0.0109x 3"lZS-0.0389x 4"125)

K6 (x -0"5-0.5x 0-5_0.125x 1"5 _0.0625xZ'S_0.0391x 3"5 _ 0.Z734x4"_

K5 (x-0.5 _ 0.875x 0"5- 0.0547x 1"5 _0.0205x 2"5 _ 0.0109x 3"5_0.0389x 4"5)

-0.875_ 0.5xO.1Z5
K z (x - 0. IZ5x I " 135 _O.06ZSx 2"125_ 0.0391x 3"1Z5 _0.Z734x 4"1Z5)

O.Z5 1.75
o.zz8 _G LWT

KI = gc PG (xe- x°) D4"'/_

13 o.5 )o.5
K 2 =

#G 0. 125 ( PL

D O . 375

0. 375
WT

0.125 0.5

K3 PG)= ( PL

41.3 .GL WT
K 4 = ....

gc PG (xe - x°)D4

K 5 -

0.125 0,5
0. 0744 _L P

#G o._- (-_L)

WT0. 375

D O .375

K6 = (_)0.5
_G L
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TABLE 1-13

Equations for Equivalent Velocity Head

qtt - 8WT z I x1"339 0.756 661 x 0.661gc ,r 2 D 4 _G [ 0. 299K 3 (l-x) 0" + ]

+ (l_x)l. 339 O. 756 661 O. 661 I
PL0. Z99K30. "/56 [ 0, Z99K 3 (l-x) 0. ÷ x ]

8 WT _ _ x 1. 662 0.756 378 0.378
= --" --2D4 t [ 0.299K6 (lox) 0" + x ]fi v

gc r PG

(1_x)1. 622 0. 756 378 0. 378 f
PL0.299K60. 756 [ 0. 299K 6 (l-x) 0" + x ]

+

Z _ x 1. 622 0. 756 661 0. 3781
qtv - 8 WTTzD 4'' t _p_ [ 0.299K 5 (l-x) 0" + x

gc

+
(l_x)l. 339 0. 756

PL 0.299K50- 756 [ 0. 299K 5
0. 378 1(l-x) 0"661 +x ]

l 0.661- 8 WT22D 4 x 1. 339 [ 0.299Kz 0. 756 ( l_x)0. 378 + x ]
qvt = gc f OG

(1-x) l" 622

PLO. Z99K20. 756
[ 0. 299K20. 756 (l_x)O. 378+ x 0. 661] I

See Table H1 for definitions of K 1, K2, K3, K4, K5, and K6
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Figure H1 Two-Phase Friction Correlation of Lockhart and Martinelli
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APPENDIX I

Radial Pressure Losses

In this appendix equations are derived for calculating the radial pressure
losses discussed in Section III. E. These equations are derived for the

case of radial inward flow feeding the main shell section of a shell-and-

tube condenser. However, they can also be applied to the case of radial

outward flow at the shell exit end of a shell-and-tube condenser, Gr to

similar radial flow patterns for other condenser configurations.

The flow geometry considered is illustrated in Figure (II}. The fluid

is assumed to enter uniformly along the circumferential gap between

the shell and the tubesheet. This fluid then flows radially inward across

a bank of tubes arranged in a hexagonal pattern and between a tubesheet

and an adjacent orifice plate. As the fluid flows inward it is also

dispersed to the main shell section of the condenser through annular

orifices formed by the tubes and circular holes in the orifice plate.

Thus the flow rate diminishes as it flows towards the center. The pres-

sure drop encountered by this radial flow pattern is a combinat_en of

friction and contraction and expansion type losses. At present tl,e.-e

is no experimental data for pressure losses for such a flow patti:n:.

The relations presented below are therefore obtained by modif-ing

equations obtained empirically for flow normal to staggered tube b_.nks.

The total radial pressure drop from the outer periphery of the tube bank

to the central tube can be determined as the sum of the individual pres-
sure drops across each row of tubes

APR AP 2 + ..... + A P i + ..... AP (Ii)n

The subscripts identifying the individual tube rows follow the convention

illustrated in Figure (I2) where row numbers increase with distance from

the central tube, and where the central tube is considered to be the first

row.

The frictional pressure loss for flow normal to a bank of tubes can be

calculated by the following equation given by Kreith$;_

;_See Appendix B for nomenclature

'_'_Kreith, F., Principles of Heat Transfer, International Book

Company, Scranton 1959, p. 389

pAG'r .O. i2
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2
4f ! G n

A p - max (I2)
Z P gc

For flow across tube banks arranged in a staggered pattern Jakob _ has
presented the following equation for the friction factor f'

[0 0, ]to 0.,,f' = 25 + P i.o8 o (I3)

*)

In the above equations

G
max

P

n

D
O

P

gc

= mass velocity at the minimum flow cross-sectional area,

lbm/hr ft 2

= mass density, lbm/ft 3

= number of rows perpendicular to the flow direction

= outside tube diameter, ft

= pitch or center-to-center distance between tubes, ft

= conversion factor = 4.17 x 10 8 ft lbm/lbf hr 2

This relation was determined experimentally for Reynolds numbers

greater than 1000, using tube banks of at least ten rows deep.

For this analysis it is assumed that Equations (IZ) and (I3) which are

applicable to tube banks many rows deep can be used to calculate the

pressure loss across each individual row of a hexagonal tube pattern.

Combining these equations results in the following expression for the

frictional pressure drop across any particular row i

0. 118 -o. le
ZiP. = 4 .25 + p I. 08 Gmax" (I4}

: Z°gc _- I i
0

-_eJakob, M. , Heat Transfer and Flow Resistance in Cross Flow of Gases

over Tube Banks, Trans. ASME, Vol. 60, 1938, pp. 384-386

P*GK .o. I3
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Substituting Equation (I4) into Equation (I1) results in

AP
R

4

2 Pgc

O. 1 1.84

• 25 + p 1 _.o Gmax
" -" Z

(I5)

An expression is now derived for the maximum mass velocity associated

with any row i. By definition

W.
1

w

max. A (I6)
1 min.

1

where W i = flow rate in lbm/hr crossing the hexagonal boundary of row i

A
min.

1

= minimum flow cross-sectional area associated with row i

Since there is an identical annular orifice associated with each tube,

the total flow area of the orifices is proportional to the total number of

tubes in the shell. This is also true for the portion of the total or_fice

area enclosed inside a boundary connecting the center of each tube in a

hexagonal row. Assuming that there is uniform flow distribution to each

orifice (i. e. , equal amounts of fluid pass through each orifice) the flo_

rate across a boundary connecting the tube centers of any row i is then

proportional to the number of tubes enclosed within that boundary

W "_ N Ti OT.
1

W T _ N T

W i NTOT.

WT N T

(I7)

where NTOT. =
1

N T =

number of tubes enclosed within the boundary of row i

total number of tubes in the shell

PAGe .o. I4
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The number of tubes in any row except the first is given by

N = 6 (i - l)
i

The total number of tubes in the n rows is therefore

n 6 (n) {n- 1) n 2= 1 + E 6 (i - 1) = 1 + = 3 - 3n + 1 (I8)
NT 2

i=2

Similarly the total number of tubes in the first i rows is

N = 3i2 _ 3 i + 1 (19)

In the i th row, however, a portion of each tube lies outside the hexagonal

boundary of the row. This portion is given as

1 1
N - 2 N + I = - (6i - 6} + 1 = 3i- 2 (I10)

iou t i 2

Thus, the number of tubes enclosed within the boundary is

NTOT. = N N.
1 _ i - lout

NTOT. = 3i 2 _
1

3i + 1 - ( 3i - 2)

(Ill)

NTOT.
1

2
= 3i 2 - 6i+ 3 = 3(i - 1)

Substituting Equations (19) and (Ill) into Equation (I7} and rearranging,
the result is

W 3 (i - 1) 2_ W (I12)
i 3n 2 - 3n + 1 T

page .o. I_
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The minimum flow cross-sectional area for any row i is the smallest

area normal to the direction of flow. This area is equal to the number

of flow passages (equal to the number of tubes) times the area of each

passage. The area of each passage is equal to the distance between each

pair of tubes P-D multiplied by the distance between the orifice plate

and the tubesheet, _. The minimum flow area can then be expressed by
the equation

Amin. = N.1 (P- Do)£ = 6 (i - 1)_ (P- Do ) (I13)
1

Substituting Equations (I12) and (II 3) into Equation (I6) gives

(i- i) w
G = T (I14)

max

I (3n 2 - 3n + I) 24 (P - Do)

This equation can be rewritten as

W T
G = F (i) (If 5)

max.l Z Q (P - Do)

where F(i) =
i- 1

3n 2 - 3n + 1

Substituting the expression for

Equation (I5) gives

G from Equation (I15) into
max

4
Ap -

R 2 Pgc

,25 + 0. 118 W T

(P), 0e 2£ (P---Do)_) 1 " i=2

F (i)
1.84

(I17)
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Combining like terms and rearranging

F
O. 562 / O. 25

APR - Pgc (P)''''[_o I

+
0.118

p )2.92_-1
O

]<.-)°-+C o)'. t W T F (i)

W T " =2

I .84

(118)

Equation (118) can be put into the following simplified form convenient

for making design calculations

0.16 2

-] [++]A PR = P gc "D"' WT 11191o ID
O

where

• n) 1.$4

1

n

,..++ 0.118 F (i):S
(IZO)

The function ? which depends on geometry alone can be plotted against

pitch-to-diameter ratio with number of tubes as a parameter. Such a

plot is given in Figure I3 for P/D o between I. 2 and 2.6 and n between
2 and 15.

These equations were derived for an orifice plate with the hole pattern

illustrated in Figure I1. However these relations can be applied to

other orifice plate hole patterns, provided that the orifice area enclosed

within a hexagonal boundary is proportional to the number of tubes within

that boundary.
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Figure I1 Orifice Plate and Flow Pattern at Inlet End of Shell-and-

Tube Condenser
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SHELL

Figure .v2 Cross-Section of Condenser Showing Hexagonal Tube
Arrange me nt
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Critical Mass Velocity for Two-Phase Flow
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Appendix J

Critical Mass Velocity for Two-Phase Flow

In this appendix an analytical expression is developed for the critical

mass velocity Gcr for two-phase annular flow through a constant-area

duct with no heat addition. Various flow patterns may exist for a two-

phase flow system. Experiments have shown that when the gas velocities

are high, an annular flow pattern is often established' The critical

flow condition occurs when a further decrease in back pressure, for a

fixed inlet duct pressure, does not cause an increase of mass velocity

through the duct. The critical condition corresponds to the sonic

choking phenomenon of single-phase gas flow. However, in two-phase

critical flow, sonic choking of the gas phase does not necessarily occur.

In this analysis, it is assumed that the expression for critical mass

velocity at the duct exit in single-phase gas flow*

G
cr

½

I:c]
is also applicable for critical two-phase flow.

annular flow

S S

However, for two-phase

where Vtp, the equivalent two-phase specific volume, depends on the

local static pressure, the quality, and the ratio of gas to liquid velocities

k, called the slip. Based upon this effect, Linning#* has shown that at

the duct exit for critical two-phase flow, the condition

)cr

ak
P,_:

=0

-'_See Appendix B for nomenclature

• _Linning, D. L. , The Adiabatic Flow of Evaporating Fluids in Pipes

of Uniform Bore, Proc. Inst. Mech. Engrs., IB, 64-75, 1952-1953
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must be satisfied. This condition yields an additional relationship

required to develop the expression for critical mass velocity in two-

phase flow by relating critical slip to the critical pressure.

The analytical treatment which follows is based on the assumptions

that:

I) The two-phase mixture is in fully-developed turbulent flow,

2) The liquid flows along the inner perimeter of the duct and the

vapor flows in the core, i. e. , an annular flow pattern,

3) The liquid phase is incompressible,

4) At moderate pressures the perfect gas law is applicable,

5) Thermal equilibrium exists between phases,

6) An equivalent specific volume for annular two-phase flow can be

defined using the momentum equation by

[ (v ]Vtp v L x L- (I - x) +kx

7) The critical mass velocity is given by

G
cr I -gc I

\aP /s

½

8) The condition necessary for critical flow at the duct exit is

aGc )_ r =0
P,x

In order to evaluate the critical mass velocity Gcr an expression for

/avtp_ mustbe obtained. The expression for the equivalent specific
\oP /s

volume, Vtp, results from a comparison of similar terms in the
momentum equation for single-phase flow.

PAGZ.o. J 3
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avtp)
The expression for k_-]S can be written as

= +

\OP /S \Bx / P,k S XaVG/X,k\_-#'/S

,vt }xc (v,/ (Jl)

where

Vtp = Vtp (x, v G, VL, k)

The two-phase critical mass velocity is assumed to be

-go

S

With pressure and quality held constant, G
cr

with respect to slip

can be differentiated

(J2)

P, x

=o_C- -g_

\a P/s

1 '/2
= Z gc

At the critical condition cr = 0 and G is finite.
cr

Ok ,x

condition for critical flow can also be expressed by

Therefore, the

pA=_ NO. 84
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. :0ak aP

P, x

Applying the critical condition to Equation (Jl)

8k 8P 8k 8x

P,

[(aVtv__) I avG 1 18k av G 8 P
x,k S P,x

a---_ \ak ] 8P =0

P,x p_

P,k p,

+

X

.
+ _lt+ vL/ C_/sJ +

x,k P,x

(J3)

Since ' .Ok =0, Ok

P,x

_.[(+v,>]=0
ak 0P S P,x

[I+vo).]O P = O, and

P,x

Equation (J3) may be written as

PAO" .0. 35
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1ok \+_ /P.kJ
P,x

+

°vG) oaP gk
S ) I (+v'"_+ kT'p-/s

x,k P,x
"-_a [(/}vtp) k] +Ok 0 v L

x, l:)j x

0

ak
\Ok /P,x

(J3a)

Expressions for

0

Ok tp ' ok ovG
Ox P' P,x, x, p,

X_

Ok
• and \O k ]P,x\av L x,k P,x,

are obtained by performing the indicated differentiation on the expression

for the two-phase specific volume, Vtp = [VL-x (v L - _)]__ [(l - x) +kx]

The resulting expressions are

0

a k [(aVtp)]a x P,k =(1-2x)( vL- v-_-G)k2 (ff4a)
P•x

[ +vtp>1 _,x_x2,
Ok avG x, k P,x k2

(34b)
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O k 8v L

P _:_ X

(J4c)

\Ok /p,x
(J4d)

Substituting Equations (J4a), (J4b),

Ok 0P

p,x S

(J4c) and (J4d) into (J3a) results in

aVL ) O% p (x - x2) + ak
S

=0

P,x

(J5a)

Equation (J5a) can be written as

0 k [k aP P'x =
7-') [(+v_(,- Zx)(vL-vG +(x-x 2) S--P/s-

VL _ a 8 k :_
Ok

p,x

Zv

o(0k)
k 3 O P S

=0
(jsb)
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The term

[(0v_ , _] be expressed by

L I = -- VL-
O P S k 2 0 P 0P 3

S k

Substituting Equation (36) in (J5b) yields

Ok _ O P = (1- 2x) vL-VG

P, x S -_

voO VL + v -__(x - x 2 ) 0 P L 2

k _Js k

+

(J7)

Equation (J_ is satisfied when the following two conditions are met

S

z) k2- - v--__G
V

L

F auske _ obtaine d,

the same expression for critical slip. The uniqueness of this solution

is not proven. However, its use will be justified by comparison with
data.

from different criteria for the critical outlet condition,

(ov)G and
Since v G and v L are functions of pressure only, 0 P S

_)v 0 v L
_G and

0 P OP
may be expressed as

S

Fauske, H. K. , Contribution to the Theory of Two-Phase One-Component

Critical Flow, PhD. Thesis, University of Minnesota, 1961
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V

____G
At the critical condition vL k 2

= O. Therefore

I_-]_ =0 so that Equation (J l) results in

k /p,x

\a_ G /
aP S x x,k

\ax ]p, aP S

Equation (J4d) shows

Vtp a P );v,+)
x,k

(J8a)

The approximation of liquid incompressibility introduces a negligible

8v L
error at moderate pressures. Therefore, with _ = 0, Equation

(J8a) results in a P

aVtp_ ( aVtpaP] = ax
S

Expressions for

P,X x,k

and @ VG are
P,k ,k

(SSb)

a Vtpax

and

vG

P, x

, x (k- i)+
a v G k

x,k

Zx(k- 1) +I
(Jga)

(J9b)

,A=, ,o. J9
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Substituting Equations (J9a) and (J9b) into (J8b) yields

\ a P/S
(k- 1)(1- Zx)- + _ x (k - l)

k

(k - l) + k-TT-/

Expressions for and

(J9c)

% x )
A. Determination of 8 P S

are developed below:

Since Stp = Stp (x, p), from the chain rule

S 0 Stp

=- 1

s o that

where

Since S G

and

ap /x

S = xS +(I - x) S
tp G L

and S are functions of pressure only
L

\aP / dP
X

+ (l-x)

\ 0 x ip - = Sfg

dS L

dP

(J 10a)

(j,0b)
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Substituting the expressions for

(JlOa) yields

aStp

kOP / x \ax p

1 dSGax _ x (1 - x)

S Sfg dP Sfg

dS L

dP

into

(Jlla)

Multiply G and L d T
dP dP by

dSG dSG T dT (TdSG) 1dP dP T dT dT T

dT CSG dT

dP T dP

dSL dSL T dT (TdSL_ 1._. dT

dP T dT =Ik dT / T dPdP

where C is the saturated specific heat.
S

Use of the Clausius-Clapeyron equation

C SL dT

T dP

dT TvfK_
- yields

dP k

d SG dS L
= Cs G _ and -_

dP l dP - C SL _,

Equation (J1 la) can therefore be written as

O x ) XCsG Vfg (1 - x) CSL rig
oP S Sfg X Sfg k

The saturated specific heat

C =C
s p

C can also be expressed as
S

vfg p

(J1 lb)
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and Equation (J 1 lb) becomes

S Sfg X Vfg p

Sfg k PL - _ TVfg

Since the liquid phase was assumed to be incompressible,
results in

(Jl lc)

Equation (J 11 c)

ax = .- _ +(,-x) Cp + -- (J**d)
S Sfg A xCpG Sfg \'8"_-/ p

The perfect gas law can be expressed by P v_ = RT. Use of the perfect
G

gas law and the approximation of liquid incompressibility introduces a

negligible error at moderate pressures. At higher pressures, account

should be taken of liquid compressibility and the deviation from the perfect

gas law. Differentiating the expression for specific volume from the

perfect gas law with respect to temperature at constant pressure yields

aVG _ R
\WY-/ = F

P

Substituting the above expression into (Jlld) results in

s,'

S Sfg k Sfg P

d v G

B. Determination of dP

(J1 le)

Differentiating the expression for specific volume from the perfect gas

law with respect to pressure yields

P_..o. J12
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1

v G
At the critical condition, k is equal to _ .

\VL/

The expression for critical mass velocity in Equation (J13) is similar

to that obtained by Fauske. The difference between the expressions is

that Fauske evaluates at constant enthalpy instead of at con-

7-6_)s

are developed here so that graphical interpolation need not be used for
their evaluation.
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